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FOREWORD

This report provides an over-all plan for imple-
mentation and administration of the Apollo reliability
program in accordance with the Apollo Statement of
Work (dated 19 December 1961), Amendment 1 of
military specification MIL-R-27542 (dated 31 October
1961), and NASA Quality Publication NCP 200-2 (dated
15 December 1961). The reliability program plan
described herein presents the organization, controls,
and procedures to be employed by North American
Aviation in meeting the requirements specified in the
listed documents.
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INTRODUCTION

Apollo reliability activities are designed to emphasize preventive
rath~r than curative measures to achieve the extreme, man-rated reliability
and safety objectives. To this end, the preventive elements of the program
concentrate on high-integrity design, stringent control measures, compre-
hensive ground testing, and personnel selection, assignment, training,; and
motivation. Curative measures will be employed to supplement the foregoing.
These include the following:

1. The resulting corrective actions from analyses and reviews of
designs, processes, and controls

2. A rapid-response failure and problem reporting system that
emphasizes corrective measures and evaluation of the effectiveness
of such action

3. Continuous program reviews and reorientation as necessary to
establish new priorities and to expeditiously resolve current
problems

Each of these program elements are further defined in subsequent sections
of this report.

This report will be reviewed and periodically revised as required to
reflect program orientation and content. It is in a loose-leaf form to enable
individual pages to be changed, as required, rather than necessitate revision
of the entire report. Revised pages will identify changed paragraphs by the
symbol ¢ and will contain revision dates. Where applicable, existing reports,
procedures, and specifications are referenced in this document rather than
being duplicated herein. Such detailed information is available at S&ID and
will be supplied upon request.

Upon approval by NASA, this document will be construed as defining
the detailed requirements for the Apollo reliability program, within the scope
of NAA contractual obligations. Deviations from applicable documents,
previously referenced, are clearly delineated and will take precedence over
the originally stated requirements. Numerical notations, in the form@,
in the outer margin of the applicable pages are references to deviations
contained in Appendix I.

_1_
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I. RELIABILITY POLICY AND ORGANIZATION

This section describes S&ID's reliability and safety policy and
+ organization, with emphasis placed on the applicability to the Apollo program.
Organization charts are included to illustrate the functional relationships
that exist between primary and supporting groups within the project.

REIIABILITY POLICY

Tightly integrated into Apollo development objectives and plans is the
realization on the part of NAA of the need for rapid and economical reliability
growth and attainment of the maximum possible probabilities of success and
crew survival. Management organizations and actions are directed toward
this end. Resources and capabilities of the entire NAA corporate structure
are available to assure program success.

The ambitious nature of the Apollo mission dictates that all manage-
ment, functional, and support personnel recognize quality and reliability as
parameters of equal or greater importance than cost, schedule, and
performance. A centralized reliability program is fundamentally an aid to-
these individuals., It is not a substitute for dedication, thoughtfulness, care,
and highly professional attitudes in performing assigned tasks, nor does it
relieve any individual from his responsibilities toward ensuring that the
spacecraft and support equipment are of high integrity, and, ultimately, that
Apollo missions are successful.

MANAGEMENT AND ORGANIZATION

First-line responsibility for product integrity and quality rests with
Division and Apollo program management. Reliability and quality control
policy and guidance are provided by the Division President, Apollo Vice
President and Program Manager, and Director of Test and Quality
Assurance. (See Figure 1.)

Apollo Division

The Apollo Vice President and Program Manager is responsible to
NASA and the Division President for the conduct of the program and for all
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CHIEF ENGINEER
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DIRECTOR DIRECTOR
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Figure 1.

APOLLO RELIABILITY
ENGINEERING

MANAGER
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APOLLO QUALITY CONTROL
MANAGER

J.S. Griffith-Jones

RELIABILITY ENGINEERING
STAFF
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QUALITY ENGINEERING
MANAGER

B.A. Kleinhofer

DATA MANAGEMENT
CHIEF

J.A. Wright

QUALITY CONTROL tAB
MANAGER

L.D. towrence

SPACE AND MISSILE SYSTEMS
INSPECTION CHIEF

J.M, Rae

PROCUREMENT AND
FABRICATION Q C CHIEF

W.A, Ahern

Apollo Reliability and Quality Functions
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its administrative and technical aspects. He is supported by a well-
integrated, self-contained organization representing the following
functions:

Customer representatives

Associate contractor representatives

Program Control (S&ID, subcontractors,
and suppliers)

Life Sciences

Material

Logistics

Contracts

Engineering

Manufacturing

Administration

Test and Quality Assurance

The Director of Test and Quality Assurance is responsible for the
administration and conduct of S&ID reliability, quality, and test activities.
Within the framework of NASA and NAA corporate policies and requirements,
he establishes Divisional reliability and quality policy and the organizations
required to implement them. As illustrated in Figure 2, the Director of
Test and Quality Assurance, and the organizations under him, advise,
coordinate, and provide direct project support in the following fields:

Operations support

Major ground and flight tests

Data

Quality standards, engineering, and control
Reliability analyses and reviews
Qualification tests

Statistics

Component application and evaluation
Training and certification

Reliability/Crew Safety Manager

A Reliability Manager has been assigned to the Apollo program. He
reports to the Director of Reliability Engineering and is in close technical

SID 62-203



uorjeziuediQ sdoueanssy Ljirenyy pue 3sdoL

‘7 2andtg

NOLISNVED 3 'O
WFOVYNYW ISl

SNOUVESJIO TUd WWV

BUYD LN
¥IOVNYW 1531

SNOIWLYEIO AINMOAQ

$SO¥ 'O 'O
MM
ONRIEINION ALNIeYTEN

WANIWIZ T
AHD

NOLLYANGWNIISNE 1531

WALLVWLRIS DM
4WHO
SWYNO0Ud 15U

p— NowVS 4 M AR
20 NOLLYNIG¥OOD dmNow
INIVEOYNYW Viva LNYNOWSY TYIANYHIIW/OW
ZUMOIMSIIH H T 015044 4 T (ONILOY) OWTISNY 3
HIOVNYW YIOVNYW 1S3t VIOVNYW 1531

ALNNYTEY OTIOdY

NOILIIISNI SWALSAS

SNOUVIEIO T3 IWSM

SNOUVYEIO THH UW

SNOLLY¥IJO L30ddNS 153U

SONYIION 1 ¢
AFOYNYW
ANKNYMNE 1S NINLYS

4MHD

NIOM 21
¥IOYNYW 1531
SNOUVEHO THH IWY

ONOSAM ¥ ‘N
¥FOYNYW
ALNMNEVIEY SICLSM

OWIISNY 3
¥IOVYNYW iS3L
SNOUYELO 1siL
VYNVSNS VINVS

SID 62-203

§01 LIVMO _
sco 2

roi 01 LavHd IIDYNYW INVISISSY
o " i -wE(;u B.xq “ w-m0<2”tq -3<Z<v¥ v
SLOUd TVIOMS ¥ ¥ SNOUYIHIO SNOLLYIBIO
LNIWIORAN ViVa isdL Alvsviay ¥ ISl ONOdV ¥ 1531 IS NUNLVS

ONIENIONG IMVA

O¥IINISO¥ ‘M I
¥IINIONI 1DIrOW
SWY¥DOUd GIONVAQY

NORTH AMERICAN AVIATION, INC. (@) SPACE and INFORMATION SYSTEMS DIVISION




-

NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS DIVISION

contact with the Apollo Chief Engineer and assistant chief engineers. The
following are the responsibilities of the Reliability Manager:

1.

10.

11.

Foster and advance the concepts for achieving reliability and crew
safety through preventive (rather than curative) measures. These
include high-integrity design, stringent technical and administrative
controls, comprehensive ground testing, and personnel selection,
assignment, motivation, and training.

Define and implement the technical and administrative measures
and controls, commensurate with NASA, corporate, and divisional
policy and requirements.

Represent S&ID and Apollo program management in negotiations
with NASA on specifications, work statements, deviations, and
similar documents and on other matters having reliability and/or
crew safety ramifications.

Guide and supervise the preparation of reliability program and
test plans to assure compatibility with contractual obligations and
NAA policy.

Assure that supplier work statements, procurement specifications,
and documents generated by other NAA functional units contain

suitable reliability and crew safety requirements.

Delineate the project and central reliability organizations and inter-
relationships required to implement the program and test plans.

Prepare work statements, manpower loads, skill requirements,
and budget forecasts for all project and support reliability effort.

Maintain surveillance over all reliability activities, manpower
employment, and expenditures to assure an adequate scope of

effort and available skills and to preclude overruns.

Establish schedules for accomplishing, controlling, and auditing
reliability activities.

Coordinate interdepartmental activities related to reliability and
crew safety.

Conduct periodic, formal reliability program reviews.
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12. Advise NASA, S&ID Apollo, Quality Assurance, and Engineering
management on status and necessary reorientation to resolve
problems and thereby enhance achievement of program
requirements.

13. Ensure that contractual reliability documentation requirements
are met on schedule.

14. Approve subcontractor and supplier reliability programs and all
NAA and supplier documents containing reliability or crew

safety information.

15. Ensure that reliability reports and recommendations are available
to support design review activities.

16. Monitor and approve reliability motivational and training
activities.

17. Approve all project reliability travel, overtime, procurement,
and other expenditure authorizations.

Reliability Engineering

Apollo Reliability Engineering is the S&ID agency charged with the
responsibility for delineating and implementing the reliability program
and qualification test plans. Figure 3 shows the Apollo Reliability Engineering
organization and supervisory personnel.

The functions and responsibkilities of the Apollo Reliability Engineering
organization are delineated in Figure 4. The organization consists of two
analytical units, which include test responsibilities, and a criteria and
evaluation unit. They are physically located in the project facility. Two
additional units, representing central reliability functions, support the
Apollo Reliability Manager and Reliability personnel of the project in the
areas of data management, component technology, and reliability education
and training.

SID 62-203
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.‘ Central Reliability Functions

The data statistics and staff units, under the direction of the
appropriate chiefs, will provide support in the specified fields to relieve
project personnel from routine assignments and allow them to concentrate
more efficiently upon analysis, test, and supplier matters. Effort and
output of the central functions will be monitored by the Apollo Reliability
Manager to assure the required support, provide an adequate level and
capability of manpower, and ensure that contractual schedule and budget
commitments are met.

RELIABILITY MILESTONES AND STATUS
Figures 5 and 6 show the status of completed and scheduled reliability

milestones. The milestones will be periodically updated and submitted
per contract agreement.

-13 -
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Il. RELIABILITY/CREW SAFETY REQUIREMENTS AND APPORTIONMENT

REQUIREMENTS

In accordance with paragraph 3. 2. 1.3. 1, Part 3, Technical Approach,
Apollo Spacecraft Statement of Work, the probability of accomplishing the
Apollo mission objectives will be 0. 90. Mission objectives are based upon
a lunar landing of the lunar excursion module and earth return of the com-
mand module, including successful recovery of the crew upon earth landing.

In addition, the probability specified in paragraph 3. 2. 1. 3. 2. 1 of the
work statement will be 0. 90 that the crew will not have been subjected to
conditions greater than the nominal limits given in Design Criteria, and
the probability specified in paragraph 3. 2. 1. 3. 2. 2 will be 0. 999 that the
crew will not have been subjected to conditions greater than the emergency
limits given. The design criteria for nominal and emergency limits are
specified in paragraphs 3.2.5.1 and 3. 2. 5. 1. 3, Part 3, Apollo Spacecraft

' Statement of Work, respectively,

APPORTIONMENT

Reliabilities of the ground complex, launch vehicle, navigation and
guidance system, and Apollo command, service, and lunar excursion
modules affect the probability of successful accomplishment of the Apollo
mission objectives, as delineated in Table 1. In order to define require-
ments for the command and service modules, a reliability objective of 0. 90
was apportioned to each of the major elements.

RELIABILITY DEFINITIONS

The following definitions, which have been derived from mission
requirements, realistically define the expected mission success and crew
safety objectives,

Mission Success. The mission will be considered successful if the
following functions are accomplished.

1. The spacecraft successfully reaches the moon and enters lunar
orbit,

, ‘ 2, The LEM lands on the moon; limited exploration is accomplished.

i OONFBENTAE
iy e
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Table 1., Apollo/Saturn System Reliability Apportionments

System Mission Success Crew Safety

GSE 0. 9999 0.99999
GOSS 0. 999 0.99999
Boosters (defined by NASA) 0. 950 0. 99994
Command and service modules 0.9638 0. 99958
(including guidance and navigation
equipment)
LEM (defined by NASA) 0. 984 0. 9995
Apollo/Saturn 0.90 0.999

3. The LEM and command module and service module rendezvous,

and the personnel are transferred to the command module.

4. The command module returns to earth and lands without exposing
the personnel to environments exceeding the emergency limits.

5. The command module is capable of sustaining the crew for one
day inside the crew compartment and six days in the vicinity
| of the impact point,

Crew Safety. Crew safety probability is the sum of mission success
reliability and safe abort probability. Safe abort consists of the
command module returning to earth prior to the scheduled time and
landing safely without the crew being exposed to environments that
exceed the emergency limits, Furthermore, the command module
must be capable of sustaining the crew for one day inside the crew
compartment and six days in the vicinity of the point of impact.

Abort Criterion. For design purposes, it is assummed that the
mission will be aborted if sufficient failures occur in operating systems
or equipment so that one additional failure would eliminate the capa-
bility of safe abort. This criterion does not apply to nonoperating
systems, such as structure. It may be modified in individual cases

if it indicates an unacceptable trade-off between mission success and
crew safety.

15 - SONEENFAT
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The probability of mission success encompasses not only equipment
reliability, but also operational procedures. The crew safety definition
considers that the crew will be recovered if (1) the mission is successfully
completed or (2) the mission is aborted prior to successful completion and
a successful abort is accomplished without the crew being exposed to
environments that exceed the emergency limits.

SUBSYSTEM APPORTIONMENTS

Subsystem reliability requirements have been established and are
being implemented. They are as follows:

1. A requirement for successful completion of the mission up .to
the time of lunar lift-off of the LEM with no failures that would
cause a mission abort and successful return to the earth with
no failures that would preclude safe recovery of the crew.

2. A requirement that a safe abort can be achieved with a specified
probability,

The preliminary requirements for subsystem mission success are
contained in Table 2. The safe abort requirements are being developed and
will be included in the next revision of this report.

The first requirement is based on the defined abort criterion and
augmented by a specified probability requiring an abort if certain equipment
within a particular subsystem fails. This results from the fact that this
equipment will be backed up by redundant pieces of equipment within a
second subsystem and, hence, abort will be required only if the redundant
equipment within the second subsystem fails. An example of this is shown
in Figure 7.

————————
i A fpuesystem)
T

o- i | —o0
S gy § |
T 3

Figure 7. Intersubsystem Logic Diagram
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Table 2. Apollo Command Module/
Service Module Subsystem Apportionments

Apportioned
Subsystem Reliability
Structural and mechanical 0.999926
Launch escape* 0.999989
Electrical power 0.9989
Earth landing 0.99994
Cryogenic storage 0.9989
Service module reaction control 0.999409
Command module reaction control 0. 999969
Environmental control 0.997675
Service propulsion 0.99977
Stabilization and control 0.994558
Guidance and navigation 0.988901
Communications and data 0.987735
Instrumentation 0.997616
*Indicates successful tower jettison
The function shown in Figure 7 can be accomplished in three ways,
utilizing equipments A, B, or C. When subsystem 1 is evaluated alone,
both a mission abort and a crew loss would be indicated with a failure of A,
since it is the only equipment available for this function. However, because
two equipments are available for backup in subsystem 2, no abort would be
necessary if A failed. It, therefore, is necessary to specify to the contractor
of subsystem 1 the probability of B or C failing, since an abort would be
required only under this condition.
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For that part of the mission following LEM lift-off, safe return to
earth utilizing any equipment is considered satisfactory for mission success.
Backup modes of equipment from other subsystems are to be considered.

The second requirement replaces the crew safety probabilities
previously used. This change is necessary because of the basic definition
of crew safety, which includes a successful mission, as well as safe abort.
Since abort is instigated due to failures in any subsystem, the subsystem
cannot be evaluated independently. When the requirement for determining
the probability of safe abort is being considered, the probability of an abort
actually taking place must also be recognized, whether the abort is due to
failures within the subsystem under consideration or due to failures in other
subsystems. In addition, the expected time during the mission when an abort
would occur must be specified, and the possible reasons for such an abort
occurring must be determined by the subcontractor. When the probability
of safe abort is being calculated, the subcontractor must consider the
probability of subsystems, other than his own, causing abort during which

either all of his equipments are operable or certain equipments within his
subsystem have failed.

GROUND SUPPORT EQUIPMENT

® i
Ty
Program-General \(M/{/%

As a means of attaining the high degree of probability of mission
success apportioned to the ground support equipment, a standard ground.,‘/
rule has been applied to all equipment to categorize them according to s
usage. The ground rule is that equipment that is used in the final checkout
and countdown portion of the prelaunch operation and affects the mission
success or crew safety is assigned to a mission essential equipment
category. A full reliability program has been imposed upon these equipments.

{

The basic criterion for GSE is the probability that the GSE will not
cause the command module and service module reliability to fall below its
requirement of 0, 9638 and the reliability will be at least 0.9999. The crew
safety requirements are 0.99958 for the command module and service
module and 0.99999 for GSE, This is interpreted to mean that the probability
of the GSE, while it is operating, creating or inducing a failure in the space-
craft equipment will be 0,0001 or less.

The following types of failures will be considered when detailed equip-
ment failure effects analyses are performed.

‘ 1. Probability of inducing failures in the spacecraft that are
subsequently (a) detectable or (b) undetectable

SID 62-203
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COMN .

2, Probability of GSE failures occurring that will result in
subsequent spacecraft failures that will not be detected

3. Probability of accepting defective spacecraft equipment
4, Probability of rejecting good spacecraft equipment

A major consideration in the attainment of the degree of reliability
apportioned to detailed ground support equipment is a prelaunch operational
readiness program, The prelaunch operations analysis program will
supply a tool for establishing spacecraft and GSE design parameter require-
ments necessary to allow the operational readiness requirement to be met.
Operational readiness is defined as the average percent of Apollo spacecrafts
that are successfully launched within the required time envelope. In addition,
the program would provide a capability for quantitative evaluation of
predicted operational readiness and operating cost for any particular set
of design parameters, such as reliability of GSE, time of maintenance tasks,
level of the smallest replaceable unit (GSE or spacecraft), number of spares
available, recycle or pipeline time for failed items, and amount of mainte-
nance manpower and equipment,

Classification

The five general types of ground support equipment (i.e., auxiliary,
checkout, handling, servicing, and training) are subdivided into three
categories, depending on their intended usage. The categories are defined
as follows:

1. Mission Essential Equipment (MEE)., Those subsystems
that are directly involved in a closed-loop operation with
the spacecraft system or a spacecraft subsystem and have
a function that may affect mission success or crew survival

2. Operating Ground Equipment (OGE). That equipment used
in the support of mission essential equipment, spacecraft
subsystems, checkout areas, staging areas, manufacturing
facilities, etc.

3. Support Ground Equipment (SGE). The equipment and
facilities utilized in transport, handling, maintenance,
recovery, shelter, etc,

Only mission essential equipments contribute to crew safety and
mission success probabilities, and they are apportioned accordingly. The
important thing is that the work statement requirements for GSE reliability

22 ~ONMBEATAL

SID 62-203




NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

are concerned with the modes of GSE failures that have an adverse effect on
spacecraft equipments and the frequency of occurrence of these types of
failures. The mean time between failures, either catastrophic or nuisance,
would affect the operational readiness of the Apollo, and a recycle of the
countdown, either partial or total, would be necessary.

Subsystem Assessment and Analysis Program

Each mission essential GSE end item is assessed on the basis of the
following reliability requirements: (1) allowable frequency of failures that
affect inherent mission success probability, (2) allowable frequency of
failures that affect spacecraft inherent crew safety probability, and
(3) MTBF''s (including nuisance, as well as catastrophic failures), MTBF's
requirements are-established for OGE and SGE. The purpose of this
effort is to minimize, consistent with program objectives, the frequency
of unavailability of these types of equipment.

The analytical methods employed in determining GSE reliability
compatible with requirements are similar to those used for equipment and
are defined in Sections III, Analysis Techniques, and IV, Reliability/Crew
Safety Review. The analysis function includes worst-case analyses, failure

. modes and effects, and failure probability analyses. The results of these
reliability assessments for each piece of mission essential equipment will
be published in a future Apollo Quarterly Reliability Status Report or a
subsequent revision of this report.

-2 - —GONHBENHE
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III. DESIGN RELIABILITY

One of the primary objectives of the Apollo development program is to
ensure that the reliability and crew safety goals are attained prior to the
first manned flight. To attain this objective, every available reliability
design technique must be used. Some of the high-integrity techniques that
will be employed are adequate design margins, system simplification, fail-
safe provisions, redundancy, in-flight maintenance, and the use of the crew
in primary and redundant system functions. The methods utilized are dis-
cussed in the following paragraphs, along with the analysis techniques for
assuring adequate design,

Early in the Apollo design stage, an investigation will be made to
determine the mechanization of each subsystem that will be used to meet the
objectives. In arriving at proper mechanization, extensive trade-off studies
will be made of the requirements in performance, weight, volume, relia-
bility, and cost. The mechanization decisions that will be established for
Apollo will be presented in the design criteria specification (report
SID 62-65.

PREFERRED PARTS

Reliability Preferred Parts Manual

The Reliability Preferred Parts Manual has been established for the
Apollo system. This manual includes applicable Minuteman parts, in
addition to parts that have sufficient substantiating data to verify application
suitability and the required reliability level. Additions to or deletions from

this manual will be a decision of Reliability Engineering. The ground
support equipment will utilize parts from the Apollo standard parts list,

wherever necessary,

In addition to reliability data, application suitability information will
be documented for each preferred part. This includes recommended Apollo
maximum ratings for reliable usage and environmental degradation informa-
tion (in the form of curves) for temperatures, power dissipation, and other
influential environmental parameters, physical dimensions, and operating
characteristics,

- 25 -
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Qualified Parts List

A qualified parts list will be established for Apollo systems. This
parts list will contain only those parts from the Apollo preferred parts list
that have been formally qualified as flight or ground support items, in
accordance with the qualification test program outlined herein and in
report SID 62-109,

Electronic Parts {(Minuteman)

An extensive program to reduce the failure rate of electronic parts has
resulted in parts with a reliability one to two orders of magnitude greater
than previously available. This increase in the reliability of parts has been
the result of complete documentation in manufacturing and quality control
procedures and the determination and minimization of all possible failure
modes for each device. As new failure modes are encountered, the material
process, or environment that induces the failure mode is reviewed, revised,
and documented to preclude recurrence. Statistically designed experiments
and accelerated tests are extensively employed to expose various failure
modes and evaluate the effectiveness of the corrective actions.

The techniques employed become part of the procurement specification,
so that all suppliers will continuously improve the parts being used in the
system. Procurement specifications employ tests on either a lot or daily
sampling basis to ensure that the parts produced by each supplier meet
minimum requirements for environmental, accelerated-life, and usage
conditions. The part failure rate under application or accelerated conditions
is verified at a predetermined confidence limit at various intervals throughout
the program.

Parameter Stability Data

The failure of a part can be attributed either to a catastrophic failure
caused by a short or open condition of one of the major elements of the
device or to a change in one or more of the operating parameters beyond
prescribed limits. The catastrophic failure mode can be eliminated only by
the manufacturer through rigid process and quality control methods during
the manufacturing cycle, coupled with a complete knowledge of the various
steps of the process where an incipient catastrophic failure mode can be
introduced into the product. Drift can generally be compensated for by the
circuit designer's ensuring that the maximum drift will not cause a circuit
or system failure.

An extensive program has been implemented to determine and optimize

the stability and/or variance of important parameters under various combi-
nations of electrical and temperature stresses. This program yields

- 26 -
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information on the statistical distribution of variables as a function of time
that is made available to design engineers and is employed in the analysis

of various circuits during the preliminary design period. Combined supplier
and consumer data are used to evaluate the effect of electrical and environ-
mental stresses, for short or long periods of time, on the failure rate at
specified parameter limits.

Minuteman Parts List

Tables 3 through 6 list Minuteman electronic parts by item identifi-
cation document (IID) number and suppliers' part number. Failure rates and
other pertinent information are included.

Use of Minuteman Parts

Considerable background in parts reliability improvement techniques
has been gained from the Minuteman program. However, before any
Minuteman part will be accepted for Apollo use, it will be determined that
the known failure rate and environmental capabilities of the part are
compatible with Apollo requirements. In instances where Minuteman parts
are deemed unsatisfactory for Apollo use, the necessary reliability
improvement programs will be initiated.

Electromechanical Parts

The reduction of failures of electromechanical parts having an
apportioned failure rate consistent with Apollo requirements will require a
diligent program vigorously pursued through the entire life of the equipment.

Expected Failure Modes

The expected failure modes of electromechanical parts include surface
wear, fatigue, corrosion, degradation with time, and lubricant failures,
most of which are amenable to analytical methods of evaluation and resolution.
However, little is known concerning the quantitative effects of minute vari-
ations and imperfections on the mechanics of failure. This lack of data
develops a multitude of indeterminates. For this reason, the application
and usage of electromechanical parts for the Apollo program must involve
critical attention to the smallest details to minimize the influence of these
indeterminates.

In some instances, parts must be designed for the specific application
at the sacrifice of the economics of standardization. In other cases, part
improvement effort will be initiated to advance the state-of-the-art before
it will be possible to reach the desired reliability goals. A noncompromising
philosophy of raw material control that will preclude the use of faulty
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Table 3. Minuteman Electronic Parts List (Transistors)

Average
Part Failure Rate Recommended

IID No. No. Prototype Function (percent/1000 hr) Use Conditions
472-0005-001 | 852M 2N 389 Si, NPN, hi pwr 0.01 10 w, TC at 25 C
472-0006-001 | 101M 2N695 Ger, PNP, sw 0.0007 50 mw, TA at 25 C
472-0008-002 | 251M-1 | 2N1358 Ger, PNP, hi pwr 0.003 20 w, TC at 25 C
472-0009-001 [ 701 M 2N1613 Si, NPN, sw 0.002 30 mw, TA at 25 C
472-0034-001 | 201M 2N695 (Sel) | Ger, PNP, vid amp 0.0007 50 mw, TA at 25 C
472-0014-001 | 501M 2N1132 Si, PNP, sw 0.001 300 mw, TA at 25 C
472-0152-001 | 703M 2N335B Si, NPN, sm sig 0.001 279 mw, TA at 25 C
472-0153-001 | 853M 2N697 (Sel) | Si, NPN, sw 0.001 300 mw, TA at 25 C
%At recommended use conditions

Table 4. Minuteman Electronic Parts List (Capacitors)

Failure Rate
Type Manufacturer No. IID (percent/1000 hr)

Glass, dielectric Corning 441-0340 0.0006 (25C and 75% rated voltage)
441-0341 0.0006 (25C and 75% rated voltage)
441-0375 0.0006 (25C and 75% rated voltage)
441-0383 0.0006 (25C and 75% rated voltage)

Solid tantalum Sprague, GE 441-0377 0.001 (25C and 50% rated voltage)
441-0378 0.001 (25C and 50% rated voltage)

Tantalum foil GE 441-0325 0.001 (25C and 80% rated voltage)
441-0326 0.001 (25C and 80% rated voltage)
441-0380 0.001 (25C and 80% rated voltage)
441-0381 0.001 (25C and 80% rated voltage)

Paper/plastic Fast 441-0379 0.0006 (25C and 50% rated voltage)

Metalized paper Fast 441-0376 0.03 (25C and 50% rated voltage)
441-0382 0.03 (25C and 50% rated voltage)

SID 62-203




o

=
NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS DIVISION

Table 5. Minuteman Electronic Parts List (Diodes)

Part Voltage Total Power Failure Rate
IID No. No. (v) Dissipated (percent/1000 hr)
479-0001 PS760M 50.0 250 mw 0.0002
479-0002 PS510M 225.0 600 mw 0.001
479-0003 PS520M 175.0 200 mw 0.001
479-0004 175M 400.0 750 mw 0.001
479-0005 019M 400.0 35w 0.005
479-0006 1672M 150.0 330 w 0.01
479-0007 341M 6.2 200 mw 0.002
479-0008 342M 12.0 200 mw 0.003
479-0009 311M 50.0 200 mw 0.001
479-0010 343M 6.2 200 mw 0.002
479-0011 346 M 8.4 200 mw 0.01
479-0012 362M 6.2 750 mw 0.01
479-0013 363M 12.0 750 mw 0.01
479-0014 411M 30.0 150 mw 0.0002
479-0265 364M 9.0 750 mw 0.01
479-0268 571M 200.0 20 w 0.01
479-0269 552M 200.0 500 mw 0.01
479-0270 551M 60.0 600 mw 0.01
479-0291 541 M 150.0 330 w 0.01
479-0304 521M 400.0 15 w 0.005
479-0468 427M 50.0 250 mw 0.0002
- 29-
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Table 6. Minuteman Electronic Parts List (Resistors)
Rating | Failure Rate¥
Type Manufacturer IID No. (w) (percent/1000 hr)
Fixed, precision Ultronics 443-0154 1/4 0.0009
wirewound 443-0155 1/2 0.0009
443-0156 1 0.0009
443-0352 1/4 0.0009
443-0389 1/2 0.0009
443-0392 1 0.0009
443-0503 1/8 0.0009
443-0355 1/4 0.0009
443-0497 1 0.0009
Power, wirewound Dale 443-0157 2 0.0007
443-0158 5 0.0007
443-0159 10 0.0007
443-0353 2 0.0007
443-0354 5 0.0007
443-0380 10 0.0007
Fixed, metal grid Allen-Bradley | 443-0290 1/4 0.0002
443-0356 | 1/2 0.0002
443-0357 1 0.0002
443-0160 1/4 0.0002
443-0161 1/2 0.0002
443-0162 1 0.0002
Fixed, carbon comp | Allen-Bradley | 443-0151 | 1/8 0.0001
443-0152 1/3 0.0001
443-0153 1 0.0001
Fixed, carbon film MEPCO 443-0323 0.002
Carbon comp Allen-Bradley | 443-0294 1/4 0.0001
443-0295 1/2 0.0001
Fixed, metal film IRC 443-0147 1/8 0.0004
%At 25 C and 50% rated power
- 30 -
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material will be developed. Extremely rigorous in-process controls will be
implemented to obtain the ultimate in fabrication techniques, dimensional
control, surface finish requirements, manufacturing processes, and other
criteria necessary to yield a consistent part having an absolute minimum of
minute variations.

High-Reliability Parts List
Many electromechanical parts have been upgraded through improve-

ment programs, such as instituting tighter specification requirements.
These high-reliability parts and their failure rates are listed in Table 7.

Table 7. Failure Rates of High-Reliability
Electromechanical Parts

Failure Rate
Part (percent/1000 hr)

INFORMAL IMPROVEMENT PROGRAM

Bearings 0.3
Motors 4.0
Resolvers 2.0
Switches 0.2 to 1.0%
Relays 0.25
Variable resistors 0.25 to 0.7

FORMAL IMPROVEMENT PROGRAM

Connectors

Printed circuit 0.0005

Rack and panel 0.001

Miniature circular 0.001
Transformers

Audio 0.05

Power 0.12

Pulse 0.23

*Depending on type
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ANALYSIS TECHNIQUES

Estimates of Design Reliability

Equipment Reliability

The reliability of equipment is dependent upon the environment and
operational conditions to which the equipment is subjected. A preliminary
estimate of these conditions will be made by design and reliability engineers,
based on classical techniques.

It is assumed that the equipment has been started and is operating,
that no unfavorable transients are experienced during the starting operation,
that the parts are free of "infant mortality' or wearout, and that the failure
rate is constant. The reliability of the parts is assumed to be the exponential
with respect to time as given by the estimator,

R = e-}\t

where

>
1l

Failure rate

(ad
1l

Operating time

This assumes that all parts are connected in series and that a failure
of any one part will result in loss of function within the subject equipment.
Under these assumptions there is justification to permit multiplying the
probability of success Pg values and adding the failure rate values for each

part. A typical example employing this reliability prediction technique is
given in Figure 8.

If the equipment is started while in flight or is subjected to on-off
cyclic operations, then the reliability is the product of probabilities of
starting and operating, or

R = DT (e-At)

where

o]
1

Number of required starts

Lo}
I

Ratio of unsuccessful starts to start attempts
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v
CIRCUIT SCHEMATIC c dd
4
16— T,
26461-404
>
Qy
> 2N343 .
[ J
FROM 2
RESOLVER
R4
> ————
PART USAGE
Recommended A I Applicati Failure Rate
Part Identification Moximum ctua Ruz;;glcahon Percent )
Rating Per 1000 Hr,
Transistor Q3
2N343 lc 50 ma 2 ma
VC 30 v 28v
Pc 250 mw 56 mw
[ 0.125C/mw 0.15C/mw
Ti 55C 48.4C 0.0008
Capacitor C 4
(220 puf Glass) 300 v 27 v 0.00005
" Resistor R4
{100 carbon) 0.125w 0.004 w 0.00008
Resistor R s
(15 k Carbon) 0.125w 0.0382 w 0.00008
Resistor R8
(510 Carbon) 0.125w 0.0013 w 0.00008
Audio Transformer T2
Terminal 0.0030
(7 Terminals) —-—0.00409

Note: Assume 14 -day (336-hour) operating time

Ps=e =0,999986

Figure 8. Example of Operating Failure Rate Prediction
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Failure rates thus determined will be compared to the failure rate
apportioned from mission objectives to ascertain if the objectives have been
met. If the objectives have not been met, then part redundancy, circuit
redundancy, simplification of design, derating, and changes in operating
conditions will be some of the means that may be used to solve the problem.

System Reliability

Reliability analytical models will be derived for the Apollo system.
These models will take into consideration any modes of operation inherent
in the equipments that will allow the use of one equipment or group of
equipments to perform a secondary function in the absence of the ability to
perform the function by normal means. These models will be utilized to
assess the system's ability to meet the reliability objectives, as well as
to determine methods to achieve the reliability objectives. These models
will also be utilized in trade-off studies conducted at the equipment level.

Environmental Analyses

In addition to the failure rate prediction methods, analytical techniques
are available to assist in developing equipment that will be free from
adverse environmental influences and to ensure that no reliability degradation .
will occur. These include thermal, vibration, and shock analyses.

Use of Derating Factors

Derating factors or design margins will be used extensively in the
Apollo design. Sufficiently large design margins will be incorporated to
assure that the probability of failure due to overstress of the product is kept
to a minimum. Figure 9 is a simplified illustration of the design margin
concept.

To apply this concept, distributions of applied and limit loads or
stresses will be determined. The distribution of strength is caused by
variations in workmanship, material, and processes. The distribution of
applied load is caused by self-induced stresses and variations in environ-
mental conditions.

Sufficient knowledge is available to apply this technique, on a limited
basis, early in the design. A continuous effort will be made to expand this
information through supplier surveys and part evaluation tests conducted by
Reliability Engineering. The design margin approach to reliability employs
terminology that the designer uses constantly.
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DISTRIBUTION OF
APPLIED LOAD

DISTRIBUTION OF
STRENGTH

MEAN MEAN
APPLIED LOAD LIMIT LOAD

Figure 9. Design Margin Concept

Another example of derating that will be employed on Apollo is the use
of derating curves. An example of derating curves on electronic parts is
presented in Figure 10. These curves are available on all Minuteman parts
and will be employed where applicable. Where Minuteman parts cannot be
used, or are not available, equivalent derating factors will be used.

Use of Redundancy

Part Level

The use of redundancy in component or circuit board design is a
complicated procedure where no hard and fast rule can be applied. Each
component will be carefully examined as to the desirability and applicability
of redundancy.

The quad configuration, which will be defined and briefly explained, is
an example of a redundant technique. Reliability formulas of various quad
configurations will be supplied to design engineers. Normally quad
redundancy consists of basic building blocks consisting of one transistor
quad, three diode quads, and one load resistance. These are illustrated in
Figure 11,

The following conclusions are noted as design considerations when a
quad configuration is used.
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Figure 10. Example of Derating Curves on Electronic Parts
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Advantages. The reliability of a basic building block for a 10,000-hour
period can be increased from 0.995 to 0.99998 by using a quad approach.
This represents an increase of mean-time-to-failure obtained utilizing the
quad approach of approximately 250 times that obtained when no redundancy
is used.

Disadvantages. The following are the disadvantages of the use of
redundancy at the part level.

1. The quading of transistors subjects the operating parameters to
more rigorous and demanding requirements.

2. The redundant design normally requires a supply voltage that is
greater than that of the nonredundant circuit and therefore causes
the minimum power rating to be about 2:1.

3. The quading approach is inherently slower, increasing signal
propagation time by at least 2:1.

4. The redundant design dissipates up to, and possibly more than,
four times the power if maximum speed is desired.

5. The redundant configuration can drive but one-fourth the load of
a nonredundant circuit.

6. Failure of any unit of a quad can increase semiconductor power
dissipation per unit up to four times. As a direct consequence,
the resulting allowable ambient operating temperature is lowered.

7. A redundant circuit normally requires more weight and space than
a nonredundant circuit.

8. A redundant part that fails in a redundant circuit may not be
detected until both parts fail (i.e., one part may fail before launch,
producing a false apparent reliability but providing no redundant
backup in flight).

Subsystem Level

The use of redundancy in subsystems is accomplished in two ways.
First, an identical component can be added to the subsystem by means of
electronic or mechanical devices, or crew members can be utilized as
switching elements; second, a dual capability can be provided by a crew
member assuming the function of the failed system. Techniques are available .
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for determining the optimum redundancy at the system or subsystem level if
such variables as weight, operating time, and probability of success are
known. One such technique that will be applied to Apollo system redundancy
is described in Appendix A.

Failure Effects Analysis

A failure effects analysis is performed on all spacecraft subsystems
and components and on GSE mission essential equipment. The function of
this analysis is to determine the modes of failure (i.e., the way in which
equipments can fail), the subsequent effect that a component failure would
have on a system, and the effect that the system failure would have on the
spacecraft. This is done by determining the manner in which an item can
malfunction (e.g., '""short'" or "open'" circuit for electrical malfunctions and
""closed' or "open' for mechanical malfunctions). Figures 12 and 13 present
the forms that are used in documenting the results of analyses which are
performed.

From the results of these analyses, reliability logic diagrams are
constructed and mathematical models derived. Probability analyses can
then be performed from which it can be determined if the system which is
being analyzed has a reliability compatible with its requirement.

Additionally, the results of these analyses are used to determine the
requirements for automatic/manual mission abort sequencing. This is done
as a function of a degree of failure. Mission failures are potentially of
three types: (a) deferred, (b) critical, and (c) catastrophic.

Mission failure, catastrophic. A failure occurrence such that
the time between the failure event and subsequent hazard is less
than 500 milliseconds. Abort sequence must be automatically
initiated.

Mission failure, critical. A failure occurrence such that time
between the failure event and a subsequent hazard is between
500 milliseconds and 5 seconds. Abort sequence must be auto-
matically initiated.

Mission failure, deferred. A failure occurrence such that the
time between the failure event and a subsequent hazard is
5 seconds or greater. Abort sequence may be crew initiated.

-39 -
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Data to Support Design Revisions

At the time any design revision is submitted to S&ID Design Engineering,
a revised failure effects analysis is simultaneously submitted to S&ID Relia-
bility Engineering. The form is properly identified so that it can readily be
correlated with the original form of which it is a revision.

Data to Support Design Reviews

A full set of completed failure effects analysis forms are included with
the package of data sent to S&ID by the subcontractor in support of S&ID's
design review program. The results of failure effects analyses then form
a major part of the design review program.

Fail-Safe Provisions

When components or subsystems are designed, attention is given to
those subsystems which are essential to crew safety to assure that proper
fail-safety has been designed into the hardware. Both the design check list
and the reliability assurance check list shown herein contain elements that
{will be used to meet the fail-safe provisions of each design. In addition,
the failure effects analysis program and subsequent performance of proba-
bility analysis provide analytical tools by which the design can be quanti-
tatively evaluated and compared with requirements. Provisions to preclude
propagation of failures are investigated early in the design and subsequent
worst-case tolerance analyses are performed to assure that proper
clearances are provided. Again, the failure effects analysis program
provides the tool by which the modes and effects of failures can be evaluated.

RELIABILITY STRESS AND PARAMETER VARIABILITY ANALYSES

During preliminary design, the method of adding parts failure rates as
a function of their stress and environmental conditions will be used to
determine component failure rate. As the designs become more definitized,
more sophisticated types of analyses will be utilized to determine both the
stresses and the failures caused by accumulative tolerance build-up.
Additional techniques will be employed to determine suitability and
tolerability of the design. For electronics systems, these will include d-c,
a-c, and transient design analyses, utilizing both linear and nonlinear
techniques. Similar techniques will be utilized for mechanical systems.
Each of these methods is presently being used by NAA design and reliability
engineers, and all can be accomplished on small computers, such as the
Recomp.
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Reliability Stress Analyses

These are performed on mechanical, electrical, and electronic
subsystems to assure that stress levels are consistent with reliability
requirements. The criterion for this evaluation is to assure that the stress
levels and safety factors are consistent with required failure rates for the
nominal condition and to further assure that, for the worst combination of
tolerance build-up, no part is being stressed beyond its rated level.

Parameter Variability Analyses

These analyses assure that changes in part parameters due to drift or
initial tolerances will not cause a module or component to operate outside
of its performance limits. The purpose of the analyses is to preclude failures
due to these variations and to assure that spares can be inserted in flight,
without readjustment, to meet system performance requirements.

Method of Analysis

There are two reliability tolerance analysis methods, specifically
aimed at determining the soundness of a design. These methods are
adaptable to large computers (7090) or small general-purpose computers.
Listed in order of sophistication, these methods are mandex worst-case
analysis and parameter variation method.

By representing the circuit as a mathematical equation, the functional
relationship between random parameter variation and circuit output variation
is determined. These analyses, performed in minutes by a computer,
closely simulate thousands of hours of breadboard investigation. Any
mechanical or electromechanical component function that can be described
by an analogous circuit function can be analyzed by either of the two methods.

An analysis is a cooperative effort between design engineers, parts
specialists, experienced analysts, and computer programmers. The general
flow of information is shown in Figure 14. Briefly, all methods of circuit
analysis are comprised of the following steps:

1. Drawing one or more equivalent circuits, depending on the number
of states the designer desires to investigate

2. Writing circuit equations and requirements in terms of part
parameters
3. Incorporating the equations, requirements, and expected part-

parameter variation ranges into a general computer program
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Figure 14, Information Flow for Machine Program Analysis Techniques
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4. "Debugging" and running the computer program
5. Analyzing the computer program results

In some cases there is no need for a programmer, as when the design is
simple enough to be programmed on a small computer, and the analyst has
knowledge of the computer operation.

Except for preparation of individual part-parameter data, the initial
phase of analysis is the same for all methods. First, an equivalent circuit
is drawn as a linear representation of the physical device. This equivalent
circuit should include circuit inputs and outputs and should take load
impedance, input signal, and input generator impedance into consideration.
Equivalent circuit equations relating the part parameters to the output
parameters are then formulated and reduced to matrix form. Different
equation representations are developed for circuits using multistable devices,
such as diodes and transistors, which have two or three states. Computer
logic is written to cover these changes of state. The equations are then
verified by solving them on a small computer and comparing the results with
data from the breadboard model. If the computer solutions and the
breadboard data are not compatible, it may be necessary to alter the
equivalent circuit so that it represents the physical circuit more accurately.

Description of Analyses

The selection of methods is a function of the type of circuit to be
analyzed and the nature of the information desired. A brief description of
two analysis methods is contained in the following paragraphs.

Worst-Case Analysis. The worst-case technique of analysis is based
upon the philosophy that, if a circuit performs its functions and the parts
are not overstressed with each specified output parameter within tolerance
when all of its part parameters as well as input signal, power, and environ-
ment are at their worst-case values, then the circuit will perform satisfacto-
rily and have adequate reliability for a less stringent set of conditions. The
worst-case values are defined as those values which are equal to their
tolerance limits but which tend to affect an operating parameter of the circuit
in the most adverse manner possible and increase the stresses to a maximum.

The analysis is performed by setting each input parameter at its
highest or lowest allowable value depending on which effect is worst for the
case being investigated. For an electronic circuit, this is accomplished as
described in the listing on the following page.

* Input parameter is any design parameter whose value is predetermined by
the designer and is not a function of the circuit configuration
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1. The eight-point central derivative theorem is employed to
determine the various partials (e.g., OVout/OPin, where Voyt is
an output parameter and Pjp is an input parameter).

2. Those parameters that gave positive partials are set at their
maximum values, while those that gave negative partials are set
at their minimum values. This will result in a worst-case
configuration for a particular output variable.

If all the outputs remain within specification limits and the parts are not
overstressed, then the circuit is classified as acceptable. If either the
voltage variation or the phase shift is larger than specifications permit or
parts are overstressed, the circuit is classified temporarily as a failure.

Because the worst-case method is a pessimistic analysis, the circuit
should not be immediately rejected if the circuit variables are reasonably
close to the specification limits. More realistic analyses can be performed
to determine if redesign is actually necessary. The parameter variation is
then used as a back-up analyses. A sample circuit analysis utilizing the
worst-case technique is contained in Appendix B.

Parameter Variation Analysis. In the parameter variation method of
circuit analysis, two input parameters are simultaneously step-varied within
predetermined limits. After each step, the circuit equations are solved to
determine the combined effect of the variations on the selected output and
stresses. Input level variation is limited to the range of values expected from
the preceding stage or circuit. Part variations are limited to the ranges of
values expected for typical, nonfailed parts over the expected lifetime of the
circuit. The calculated output values and the input values are recorded and
can be used to develop what is known as a '"'schmoo' plot. The schmoo plot
is a graphical representation of circuit failure points as the input parameters
are varied, two at a time, from nominal. The schmoo plot furnishes a
picture of the safe operating envelope for two-at-a-time parameter variation
combinations.

The parameter variation method does not require extensive, large-
sample life test parts data. However, small-sample accelerated test data
are most helpful for determining part-parameter variation ranges. The
mean values and assumed drift percentage of the input parameters complete
the data necessary to give the designer a good indication of how his circuit
will behave throughout its life expectancy.
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IVv. RELIABILITY/CREW SAFETY DESIGN REVIEWS

The Apollo reliability program includes a procedure for review of the
reliability concept, effort, and achievements throughout all phases of con-
tract performance. Formal reviews will be conducted at scheduled mile-
stones. Primary consideration at these reviews will be given to (1) safety
and integrity of systems, subsystems, and components; (2) conservative
designs reflecting the maximum reliability attainable, consistent with
performance, weight, and cost considerations; (3) early detection of actual
or potential deficiencies, system incompatibility, and trends or conditions
that could jeopardize flight or crew safety; and (4) elimination of unsatis-
factory conditions through a system of rapid corrective action,

REVIEW BOARD

The Apollo Reliability Manager is responsible for establishing and
chairing for the Chief Engineer a Reliability and Crew Safety Design Review
Board consisting of the following membership.

Responsible Design Engineer
Responsible Design Supervision
Responsible Design Manager

Systems Engineering Manager

Quality Control Manager

Logistics Manager

Purchasing Representative
Manufacturing Representative

Life Sciences Manager

Program Test and Operations Manager
Project Integration Manager
Manufacturing SMD Engineering Supervision

REVIEW CRITERIA

The Reliability Crew Safety Design Review will be typically a detailed
review, based on the concepts outlined herein and the procedure contained
in Appendix D. Criteria for the reviewing board include a comprehensive
list having the following major categories.

Reliability predictions versus objectives

System interface or interaction problems
Adequacy of control measures and techniques
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Maintenance and spares concept

Adequacy of demonstration and test programs

Compatibility of men and equipment

Producibility, inspectability, and maintainability

Problem resolution

Adequacy of training aids, techniques, and programs

Compatibility of design concept with requirements

Design trade-off considerations

System and circuit analysis

Worst-case analysis

Use of standard high-reliability parts

Unique requirements for nonstandard parts

Completeness of specifications

Test plans and data

Apportioned failure rates

Failure modes and causes

Environmental requirements

Functional requirements

Storage, packaging, and handling concepts

Simplicity of design concept

Conformance to functional requirements

Conformance to environmental requirements

Schedules

Program status and reorientation

Measured environments as compared to estimated
environments

Failure modes established through failure recurrence
control efforts

Logistics

Procurement practices

Identification and traceability

REVIEW CHECKLIST

The Reliability/Crew Safety Design Review checklist used by the review
board is contained in Appendix C,

AREAS TO BE REVIEWED

The areas to be reviewed include spacecraft subsystems and equip-
ment, ground support equipment, and spacecraft and boilerplates.

- 48 -

SID 62-203




e

(1A
NORTH AMERICAN AVIATION, INC. \\@ SPACE and INFORMATION SYSTEMS DIVISION

.

SEQUENTIAL STAGES OF DESIGN REVIEWS

Design reviews will be conducted in three sequential stages: prelimin-
ary, major, and application suitability. The preliminary review will be
based on the design configuration reflected in layouts, contract requirements
program plan, and Statement of Work. A tentative schedule for this review
is contained in Table 8. The major review will be conducted prior to or
concurrent with 100-percent release of engineering documents and will be
based on detail designs, drawings, and specifications. The application
suitability review will be concurrent with the flight test phase. All test
data, failure reports, and unsatisfactory reports will be reviewed for
influence on the design.

2

Where reliability degrading areas are found, the recommended correc-
tive action will be noted and remain an open-action item until appropriate
action has been implemented and a measure of effectiveness achieved.

REVIEW REPORTS

The Reliability/Crew Safety Design Review Board Chairman will pre-
pare a report at the conclusion of each review., Final disposition for each
item in the report will be made, with the recommended corrective action
included. These reports are submitted to the Chief Engineer, Board
members, and meeting participants. In all instances, final authority rests
with the Chief Engineer on problems that the Board members are unable
to resolve,
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Table 8 , Tentative Reliability/Crew Safety
Design Review Board Schedule

Subject Date
Environmental control system 12-18-62%
Earth landing system 2-11-63%
Liaunch escape system 2-21-63%
Electrical power distribution system 3-11-63%
Service module propulsion system 4-5-63%
Cryogenic storage 4-.9-63%
Structures and B/P 6 preflight 4-29-63%
Life Systems 5-1-63
In-flight test system (IFTS) 5-8-63
Fuel Cells 5-15-63
Service module reaction system 5-22-63
Stabilization and control system 6-5-63
Command module reaction system 6-17-63
Separation system 6-28-63
Electrical power distribution system (GSE) 7-1-63
Waste systems 7-10-63
Command module and service module 7-19-63
mechanical systems
Boilerplate 12 preflight review 7-19-63
Thermal protection 7-29-63
*Indicates completed
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V. RELIABILITY MONITORING AND DOCUMENTATION

Timely reviews of progress, status, data, and reports are essential
to the successful implementation of corrective action and the management
of the program. Accordingly, a reliability monitoring, program review,
documentation, reporting, and data processing system has been established
to provide NASA and S&ID functional organizations and management with
significant information and guidance upon which decisions can be based.

MONITORING

The Apollo Reliability Manager is responsible for monitoring the
progress of all reliability activities, including preparing and submitting to
higher management all reliability documents and reports. He will also
review and approve other reports related to reliability and containing relia-
bility information.

A data center has been established under the direction of the Reliability
Engineering Director, with technical guidance from the Apollo Reliability
Manager. This data center will act as the sole agency for accumulation,
storage, collation, and processing of all reliability data. Coordination
between the data center and the Apollo Reliability Manager will be performed
by a data coordination function physically located with the Apollo program
personnel,

The paragraphs that follow delineate the responsibilities and the scope
of the data program and activities as applicable to Apollo.

Reliability Manager

The Apollo Reliability Manager will keep informed of reliability
program progress by continuously monitoring and periodically reviewing all
reliability activities. The data and reports generated by the documentation
and reporting system will be his source of information. From these and
other sources, the manager will determine that the reliability/crew safety
objectives are being attained, that the program plan continues to be adequate
as it progresses, and that all work affecting reliability is being performed in
accordance with the program plan. He will also determine whether past
reorientation has been effective and whether control measures and corrective
actions are adequate.
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The Reliability Manager will participate in the activities of the NASA-
PERT system team and use the information generated as a management tool
for planning, controlling, and reorienting the Apollo reliability program.
He will also provide reliability program progress information and data for
the periodic MSC technical and management program progress reviews.

Formal determinations of progress will be made and published in the
quarterly reliability report along with implemented or recommended cor-
rective action as applicable. Charts, including those showing achieved
reliability versus reliability growth objectives, will be maintained and
continuously displayed.

Reliability Data

Reliability data will be extensively employed as a management tool
for control and direction of the Apollo program. Data are continuously
accumulated, collated, and analyzed to show trends and status and to allow
predictions in all development and test areas. Reliability data for manage-
ment purposes, as well as for technical and analytical purposes, flow in the
manner indicated in Figure 15. A description of nonconformance and failure
reporting, nonconformance analysis reporting, and feedback system appears
in Section VIII of this plan.

Data Center

The primary function of the data center (Data Management) is to
establish and maintain a central S&ID operation for acquisition, processing,
storage, retrieval, and dissemination of data from design, development,
test, manufacture, inspecticn, subcontractors, associate contractors, and
operation areas. Figure 16 is a typical schematic presentation of data
management, central data function,

Basic equipment to be employed in data processing will consist of the
IBM 7090, 1401, 1410, and 1301 and the Stromberg Carlson 4020 computers,
supplemented by a portable IBM 1620 for increased flexibility. These com-
puters are programmed to provide information and compilations and to
perform special search and analysis functions, such as the following:

Nonconformance reporting data for corrective action and follow-up
*Evaluation and analysis for design or quality improvements,
reliability audits, and progress reporting
Component usage data
Equipment functional histories
Qualified and approved parts lists

*Parameter variation, worst-case analysis, logic networks, failure mode
analysis, Monte Carlo analysis, etc.
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Reliability assessments

Correlation of failure mode and cause data
Configuration and serialization records
Operating time records

Subcontractor and supplier ratings
Qualification status reports

Specification lists

Test results

Corrective action summaries and status
Critical and limited-life parts list

These data are periodically distributed to those directly affected.

DOCUMENTATION AND REPORTING

The documentation and reporting system provides periodic reports
for S&ID and NASA to permit a continuous accounting of reliability progress
and problems throughout the program. Reliability documentation and
reporting are in accordance with Section 4.5 of the Apollo Statement of Work
and include the documents listed in Appendix E. Documentation and report-
ing requirements of specification MIL-R-27542 are met by including the
desired information in reports required by the Statement of Work.

A quarterly reliability status report will be submitted to NASA 30 days
after the end of each calendar quarter. These reports will provide com-
prehensive documentation of Apollo reliability status and accomplishments.
The results of the reliability activities defined herein will provide the
material for the reliability status reports.
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VI. ASSOCIATE AND SUBCONTRACTOR RELATIONSHIPS

This section establishes the means for assuring that the reliability of
subcontracted work and the work of associate contractors is consistent and
compatible with over-all system requirements.

ASSOCIATE CONTRACTORS

NASA will select associate contractors for the space laboratory
module, lunar excursion module, navigational and guidance system, flight
research and development instrumentation, scientific instrumentation, and
NASA -furnished crew equipment. Consistent with NASA requirements the
Apollo Reliability Manager will determine the scope of effort required to
assure compatibility of NAA -associate contractor interface and integration
requirements. Under his direction, Reliability Engineering personnel will
accomplish the following:

1. Maintain effective liaison between associate contractor and S&D
and assist them in the solution of reliability problems

2. Participate in a joint effort with associate contractors and, in
close coordination with NASA -MSC, specify in detail requirements
for module and equipment interfaces with ramifications in
reliability or crew safety

3. Advise NASA on the acceptability of associate contractors' designs
for compatibility with over -all spacecraft reliability and safety
requirements

4. Coordinate reliability and crew safety analysis

5. Coordinate data requirements and data exchange

6. Coordinate and establish common usage components and parts
lists

7. Coordinate test planning to assure program optimization

8. Provide associate contractors with reliability feedback
information
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MAJOR SUBCONTRACTORS

Major subcontractors are required to establish a reliability program
in consonance with section 2.2.4.2 of the Apollo Statement of Work and
military specification, Mil-R 27542, and to prepare reliability program and
qualification test plans. Plans are reviewed and approved by S&ID and
NASA -MSC. Currently designated as major subcontractors are the
following:

Aerojet-General Service propulsion subsystem

AiResearch Environmental control subsystem

AVCO Heat shield

Beech Aircraft Cryogenic storage subsystem

Collins Radio Telecommunications subsystem

Lockheed Launch escape motor

Marquardt Service module reaction control
subsystem

Minneapolis -Honeywell Stabilization and control subsystem

Northrop-Ventura Earth-landing system

Pratt & Whitney Fuel cells

Rocketdyne Command module reaction control
subsystem

Thiokol Escape tower jettison motor

The reliability programs of each major subcontractor are essentially
the same, since all are based on the requirements of MIL-R-27542 and
NCP 200-2 and require NAA/S&ID approval prior to application to the Apollo
Program. Some variations occur, however, because subsystem character-
istics are different, the state-of-the-art is more advanced, or the subcon-
tractor's reliability requirements are more stringent. Such factors have
been brought to light in the preaward subcontractor reliability surveys. The
scope and format for preaward surveys are defined in Appendix F. All
controls, provisions for liaison and surveillance, documentation and
reporting, data analysis, review, training, and motivation are established
and delineated in detail in the Statement of Work and in the required plans.
Consistent with NASA requirements, the Apollo Reliability Manager deter-
mines the scope of contractor reliability programs and efforts. Under his
direction, Reliability Engineering personnel will accomplish the following:

1. Assist pertinent functional divisions in the selection of qualified
subcontractors and suppliers

2. Prepare reliability requirements for statements of work and
procurement specification for subcontracted items

3. Evaluate proposals from potential suppliers of Apollo equipment

- 58 -

SID 62 -203




NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

4. Monitor subcontractor reliability and test effort

5. Review and approve subcontractor reliability program and
qualification test plan

6. Maintain effective liaison between subcontractors and S&ID and
assist them in the solution of reliability problems

7. Provide subcontractors with reliability feedback information

8. Provide reliability inputs to and review reliability portions of
procurement documents prior to release

Monitoring and Coordination

Reliability engineers with specialized experience in the various
subsystems are assigned to monitor reliability program progress at each
subcontractor. The reliability engineer provides liaison between the
subcontractor and S&ID, assists the subcontractor in the solution of relia -
bility and test problems, and furnishes him with failure feedback information
for corrective action.

Control

Before a major subcontractor is authorized to proceed with design or
production, the following prerequisites must be met.

1.  The subcontractor's engineering, reliability, manufacturing, and
quality control personnel and capabilities are suitable for the
development and/or production of highly reliable spacecraft or

ground equipment.

2. The design is approved by S&ID for reliability, function, and
manufacturing and quality feasibility.

3. The subcontractor's quality control and inspection plans are
approved by S&ID.

4. The test plans and facilities used by the subcontractor are
approved by S&ID.
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5. The subcontractor's reliability program plan adequately sets forth
the subsystem reliability approach and objectives.

6. Commensurate requirements and controls are transmitted to
sub -tier suppliers

After authorization to proceed, the subcontractor's activities are
under the surveillance of S&ID resident Quality Assurance (representing
Reliability and Quality Control) and Design personnel. Close scrutiny is
maintained over each element of the various program plans. Precise
controls and documentation requirements, as stipulated in the Statement of
Work, serve as the basis for program analysis and review by both the
subcontractor and S&ID.

Training and Motivation

Subcontractors are required to provide indoctrination and training in
reliability and quality for all employees. Initial orientation briefings are
given at the time individuals are assigned to the Apollo project. Briefings
continue periodically for the duration of the program. The purpose of the
briefings is to establish an understanding of the Apollo missions, to point
out the relationship of the hardware and personnel to completion of this
portion of the national space program, and to establish the motivation to
guarantee excellence of job performance. Through training activities,
subcontractors will establish and sustain high skill levels for personnel
associated with all phases of development, production, and test. A complete
description of S&ID's responsibility fof subcontractor indoctrination and
training is given in Section X.

OTHER SUBCONTRACTORS AND SUPPLIERS

Depending upon the reliability requirements and the complexity of the
item to be purchased, the Apollo Reliability Manager establishes the
requirement for a formal reliability program at other subcontractors and
suppliers. The reliability requirements in the Statement of Work or pro-
curement documents specify the extent of the program.
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VII. RELIABILITY ASSESSMENT

The Apollo test program is an integrated plan designed to provide for
maximum utilization of data from each test area for developing, qualifying,
and assessing achieved reliability of the spacecraft and GSE. Laboratory,
ground spacecraft, and flight tests compliment each other to provide
assurance that equipment will perform its intended functions during the
manned phases of the program. Details of this test plan are contained in
the Apollo General Test Plan, SID 62-109.

TEST PLAN DESCRIPTION

The high reliability and safety requirements, a desire for an
assessment of achieved reliability, and the variety of mission environments
make the performance of a single test to satisfy these requirements eco-
nomically impractical. S&ID intends that all testing at the part, component
subsystem, and system levels be used to assess reliability and crew safety.
Figure 17 defines the different phases of the over-all Apollo test program
and the approximate percentages of data from each test area applicable to
the assessment of reliability. Although these percentages will vary with
each item considered, they are representative of the expected averages.

b

The integrated test plan for Apollo is a consolidation of a sequence
of tests starting with certain material evaluations and proceeding through
actual flight and recovery of the spacecraft. Figure 18 illustrates the
integration of the qualification tests into the over-all test plan. Qualification
testing of materials, parts, components, subsystems, and systems under
functional and environmental stresses will, in general, follow development
tests but will include certain development test results. Qualification tests
will be conducted to assure that the design is capable of meeting anticipated
Apollo mission requirements. Other tests on nonflight hardware will
demonstrate capabilities of integrated systems and the complete spacecraft
and their reliable operation under simulated flight performance and environ-
mental conditions. This series of tests is classified as application approval
testing.

Acceptance tests on flight hardware will verify that the performance,
reliability, and quality of parts, components, subsystems, and spacecraft,
as manufactured, are equivalent to previously approved items. The
standards against which these items are compared will be determined from
the results of the application approval tests.
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A positive go, no-go decision criteria will be established for use
during general acceptance and prelaunch operations and will be employed to
the greatest extent possible throughout the test program. Only by careful
planning will it be possible to accomplish this integrated program and keep
test expenses to a minimum. Due consideration will be given to assure the
required degree of flexibility in test planning and programs and the applica-
bility and continuity ot data at all levels of assembly through the complete
spacecraft. Reliability/crew safety assessments will be made with the
highest possible statistical confidence.

QUALIFICATION TESTS

Qualification tests will be conducted on all equipment designed tor use
in the spacecratt command module, service module, adapter assembly, and
associated ground support equipment. The qualification test plan provides
for the maximum utilization of data from all ground and flight tests
conducted throughout the Apollo program.

Although tests conducted during development of hardware may be
considered preliminary qualification, formal qualification will not be initi-
ated until reasonable assurance exists (from development tests) that the
equipment will pass qualification requirements. The qualification test
program will establish the flightworthiness of the equipment.

Quantitative and qualitative reliability analyses (logic networks,
criticality, numerical predictions, and failure mode analyses) will be
utilized to assign testing priority to equipment essential to crew survival
and mission success.

Qualification tests are the fundamental tests for verifying the stability
and integrity of the design for application and assessment of reliability.
These tests are conducted on three major equipment groups: materials and
structure, parts and components, and subsystems and systems.

Materials and Structures

Materials

Material suitability and compatibility tests will be conducted in areas
where application data are lacking or when analysis reveals any suspicion
of reliability or crew safety degrading potential. Materials testing primarily
is intended as a preliminary investigation of materials proposed for any
structure, part, or component. Included will be metals, adhesives, ablative
materials, insulating materials, and metal sandwich structures. Two areas
of particular interest will be the eftect ot hard vacuum on materials exposed
to space environment and the effect ot heat during reentry.
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The effects of temperature and hard vacuum on seal materials will be
studied and evaluated by either the supplier or S&ID prior to use of any seal
material in the Apollo vehicle. Qualification testing ot some materials in
simulated mission environments will be performed. Statistical sampling
methods will be used to select test samples ot materials that may be
susceptible to deterioration in these environments.

Formal qualification testing ot materials, such as lubricants, seals,
and potting compounds, will minimize test delays and tailures on high-cost
component and system testing and provide the needed assurance in the
tunctional integrity of the materials used on the spacecraft. However, in
general, the philosophy of testing at the highest practical level will be
employed throughout development.

Structures

Structures will generally be exposed to mechanical stress tests to
induce fatigue and/or determine weakness inherent in materials and design
or due to manutacturing techniques and controls. Tests will be conducted to
ultimate stress values while exposed to the critical environments for
extended periods of time. Typical of equipment in this category are tanks,
skin, reservoirs, accumulators, vehicle structure, ports, ingress and
egress hatches, and heat shields.

In testing of metallic structures, the classical properties of interest
will be investigated. Specimens to be tested include plain and welded
samples. Fatigue strength will be determined at approximately five stress
levels for each test temperature. Standard specimens will be tested to
evaluate static strength in block-shear, flatwise tension, flatwise
compression, uniaxial and biaxial edgewise compression, and beam shear.
At least five specimens will be evaluated in each test. Temperature
fatigue strength of the material will be determined in block-shear and
flatwise tension. Approximately four stress levels will be investigated for
each type of loading at each test temperature.

Included in the list of properties to be monitored during the testing
of metallic structures will be appropriate physical, mechanical, thermal,
and electrical characteristics. Additional tests to ascertain the effects of
hard vacuum will be performed when required.

Parts and Components

The principal test effort will begin at the part or component level.
Part evaluation tests will be performed as necessary when data are lacking
and when economically or technically more advantageous than tests at the
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component level. However, such tests are expected to be minimized by the
use of resistors, diodes, and other parts of known high reliability in all
possible applications.

Parts and components will be divided into the following three
categories for qualification test planning purposes:

Category I Newly designed parts or components for which no
statistically valid test or experience data exist

Category II Existing hardware for which partially satisfactory
prior test and experience data can be provided, or
Category IIl hardware that is to be modified for the
Apollo application

Category III Existing hardware for which satisfactory qualification
test data or experience data already exist

All Category I parts or components will be subjected to testing, which
in its initial phases will provide the data necessary for final development of
the design. In the middle phase, the test plan will encompass the tests
necessary for qualification. The final phase of the test plan will explore off-
limit performance, performance variation under single and combined envi-
ronments, wearout characteristics, and performance regression with time,

Category II parts and components may be subjected to sequential tests,
which, together with prior data, will satisfactorily substantiate the qualifi-
cation of each item used,

Except in a few special cases, Category III parts and components will,
by definition, require no further testing. All existing test and experience
data, however, will be carefully reviewed for substantiation of the complete
suitability of the part or component for the intended application.

A detailed breakdown of the above categories will be shown in the
Qualification Status List, SID 62-784 (see Appendix E). In order that this
program may be implemented to obtain maximum data at minimum cost,
each component type will be evaluated separately and a test plan will be pre-
pared to demonstrate each item's compliance with the requirements. A
summary table will list the equipment to be tested, the number of test speci-
mens, the type of test program to be performed, and the most critical
environments and levels to be employed,

Subsystems and Systems

Subsystem and system tests will be planned to provide performance
variance, off-limit performance, wearout data, and exploration of the effect
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of such performance on system functional parameters. Interaction and
interface problems between components and subsystems will be explored.
Test times will be applicable to the subsystem or system, as necessary for
the acquisition of valid data, to supplement or confirm the part and
component test data. The objective will be to complete as much as possible
of the part and component testing and data evaluation before starting tests
of the subsystems or systems.

One-Shot Devices

Since one-shot devices have singular characteristics, such as
limited operating life and selective current or force sensitivity, any lot may
have wide variability in characteristics. The reliability of such devices can
only be assessed by testing multiple samples to give a probability of
functioning under imposed stresses and operating conditions of a specified
mission.

Although some one-shot devices may be tested in accordance with
specification MIL-R-25535A, it is intended that most of these tests will be
qualified in accordance with the general requirements outlined in SID 62-~109.
Sampling plans will be established to determine if the lot meets functional
and quality requirements with a high degree of repeatability.

Ground Support Equipment

Ground support equipment items will be tested using plans similar to
those for the spacecraft systems and subsystems. The amount of testing to
be performed on each item will be based upon the criticality of the item and
equipment characteristics, such as complexity, use history, previous testing,
apportioned reliability, predicted reliability, and frequency and duration of
operation. As with flight equipment, results from subsequent operations of
the ground support equipment will be used in developing higher confidence
in assessed reliability.

The test procedures prepared for each equipment item will designate
the functional and environmental parameters, the associated tolerances,
and the qualification test requirements. The tests will be primarily
conducted at the console level except for those items of mission-essential
equipment where testing will be conducted on specified critical modules or
components within a particular console.

TEST PLAN IMPLEMENTATION
The qualification tests of appropriate parts, components, subassemblies,

and higher levels of assembly are to be performed to verify the inherent
capability of the design to meet the flight performance and environmental
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requirements. The qualification program consists of two phases: Phase A,
Design Proof Tests and Phase B, Mission Life Tests. Design proof testing
includes the following tests.

Transportation and handling (including climatic environments)
Electromagnetic interference and explosion proof

Prelaunch dynamic environments (static firing)

Sequentially applied maximum expected mission environments (These
tests are performed to the specification limits and are designed to
verify the ability of the product to withstand the maximum environ-

mental and performance stresses expected during a mission.)

Off- Limit Tests

These are tests designed to verify environmental and functional design
margins by testing a product beyond the specification requirements to
failure. Specific test conditions are related to the failure modes having
ramifications in crew safety and/or mission success. Stresses imposed
(either functional or environmental) are those considered most likely to
produce the failure defined as critical by the failure mode analysis.

The Mission Life Tests (Phase B) consist of exposure of the equipment
to single and combined natural environments, simulating the conditions
expected during a lunar mission. The definition of a lunar mission includes
all ground checkout time accumulated on each system in addition to the flight
environments. The environments imposed are nominal values of those
expected, in contrast to the peak values imposed during the design proof
tests. The tests defined in this section will be performed on higher levels
of equipment assembly than those defined in the design proof tests.
Preferably, the entire subsystem will be subjected to these tests, although
test facility limitations and the size ot the various subsystems will govern
the exact level of assembly that can be tested.

Each unit assigned to the life tests will be required to complete two
mission sequences without failure, providing the second mission does not
extend beyond the life of the equipment. Upon completion of the two mission
sequences, critical and limited life itemns may be replaced and (as defined
in the procurement specification) the equipment shall then be subjected to
another dual mission simulation cycle.
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TEST DATA EVALUATION

The objective of the earliest testing of nonflight hardware is the
elimination of weaknesses. This is the time when the greatest number of
design changes are anticipated. FEach malfunction that occurs during testing
within specification limits will be the subject of a malfunction report and
will be corrected to preclude recurrence. Although the action may involve
design, fabrication, processes, methods, tools, or materials, it will be
handled expeditiously to achieve rapid reliability improvement. All data
accumulated from application approval testing will be statistically evaluated
by design and reliability engineers assigned to the specific equipment being
tested.

Testing will provide data necessary to determine functional compliance
through analysis of variance and regression techniques and establishment
of parameter trends. Figure 19 shows the relationship between data
acquired by a typical test plan and the determination of the probability of
out-of-tolerance operation. Component test data will yield mean functional
parameters, the variation about the mean due to individual environmental
stresses and their natural combinations, and certain differences between
manufactured components. Similar values will also be determined for each
system from part, component, and subsystem test results.

In Figure 19, "A" represents the specified design limits and '""B"
indicates the maximum allowable limits of the subsystem functional parame-
ter as derived from subsystem and system off-limit design analysis and
tests. Subsystems operating outside of ""B'" are those that will contribute
to unreliable operation. Analysis can be made for all functional parameters
in a similar manner. Subsystem reliability allocations limit the allowable
frequency of off-limit operation and determine the tolerance variance
distribution.

Extrapolation of test data will aid in establishing mean-time-to-
failure, failure distribution, and functional parameter regression.
Increasing environmental stress levels above specification limits will
permit further correlation of failure distribution with environmental
influences and demonstrate equipment design margins. These data will be
used to define design deficiencies as unusual parametric drift trends on
equipment. Evaluation of application approval data will provide a basis for
establishing component and system parameter limits to be utilized during
acceptance and prelaunch testing, review of specification requirements,
and equipment reliability status audits.
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FLIGHT HARDWARE TESTS

Reliability Measurement

Fliéht hardware test data will be processed and analyzed for quick
reaction to malfunction data and for rapid assimilation of trend data.
Malfunctions that occur, or are discovered, during the tests will receive top
priority for corrective action. On-the-spot failure analyses will be
extensively employed in these tests. Performance limits will be determined
by design studies of system requirements and by tolerability and integration
measurements. Operating parameters, measured as a function of time,
will be utilized to define the traditional '"go, no-go'' acceptance criteria.

An example of the approach tor establishing the criteria for measuring
and analyzing trend data is shown in Figure 20. The qualification time

includes all scheduled ground test time, maximum mission time (including
prelaunch, launch and flight, reentry and recovery), and a safety margin.
The safety margin is established for each item on the basis of the critical
nature of the time-function relationship. Trend limits are established
about this time base as a result of reliability analysis and the results of
data from all applicable tests.

""Go'' status is determined byanalysis of performance measurements at
preselected times during manufacturing and test operations. If the data
indicate a trend as shown on the ''go''line, a go status has been maintained and
the required assurance of mission success is achieved. If performance
exhibits regression as shown on the ''no-go' lines, then mission requirements
would not be satisfied or are doubtful of achievement.

These measurements, along with high-level inspection requirements
for characteristics that cannot be measured during these tests, represent
the evaluation tools for flight hardware. It can also be seen that when
performance regression begins, a probable no-go can be determined prior
to an actual out-of-limit conditions. Hardware can then be replaced on a
preventive basis, rather than after a failure has occurred. Variations of
this evaluation technique will be developed for off-on equipment where drift
regression does not exist and for those equipment items where drift cannot
be measured.

Test Milestones

Flight hardware test milestones are provided by the acceptance and
prelaunch test phase of the over-alltest program. These are associated with

the equipment go status and provide A, B, and C control levels, (See
Figure 20.)
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FUNCTIONAL
PARAMETER

NO-GO

POSSIBLE NO-GO
(BASED ON RATE OF CHANGE)

A B C
GROUND TEST TIME MISSION
ACCEPTANCE & TIME

PRELAUNCH TESTS

SPECIFICATION TIME

SAFETY
MARGIN

—

SPACE and INFORMATION SYSTEMS DIVISION

—

PERFORMANCE
W ., LIMITS
°
®e

T~ 1

ITEMS REMAINING WITHIN PERFORMANCE
LIMITS & WITH ACCEPTABLE TRENDS,
THROUGH TIME:

A = COMPONENTS & SUBSYSTEMS,
GO (ACCEPTANCE)

B = SPACECRAFT, GO (PRELAUNCH
OPERATIONS)

C = SPACECRAFT, GO (LAUNCH)

Figure 20, Flight Hardware Evaluation
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Control level A is assigned to an item when it has successfully
completed in-process testing, source inspection at the supplier's facility,
and all S&ID receiving inspection tests. Acceptance means that functional
parameters have not drifted beyond the no-go limits designated in any of
the test procedures. Control level B provides go status during combined
systems operations in the factory prior to static firing. Throughout the
manufacturing process, continual functional measurement is required for
all components ot the spacecraft. These components and system parameters
must remain within no-go limits established by the specification. Control
level C is established by the static firing program and the final combined
systems test prior to mating operations at the Atlantic Missile Range. This
control level establishes the final go status for spacecraft delivery and
launch.

TEST FACILITIES

Commerical, supplier, Government, and NAA test facilities will be
used for Apollo qualification testing. Commerical and Government test
facilities may be utilized by the suppliers and S&ID when test equipment
is not available internally or when test shceduling requires such action.

Approval and Standards

Commerical, Government, and supplier test facilities must be
approved by S&ID before utilization for the Apollo qualification test program.
Each proposed test facility will be inspected by S&ID Apollo personnel.
Laboratory and management personnel will be interviewed, and additional
information will be secured through published material and correspondence.
Approval will be contingent upon the appraisal of the following items.

Equipment and facilities
Environmental simulation equipment (single and
original environmental capabilities)
Measuring equipment
Recording equipment
Calibration equipment
Standards laboratory
Failure analysis equipment and facilities
Photographic equipment
Plans for new equipment
Inspection facilities
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Methods
Methods, procedures, and standards documentation
Housekeeping
Data recording
Reporting
Personnel training
Vended tests
Tests equipment calibration and certification

Personnel qualification
Numbers and skills available
Education
General experience
Military specification familiarity
Statistical test experience
Failure analysis experience

Management
Organization
Supervisory control
Governmental agency resident representation
Scheduling

NAA/NASA past experience with facility
Prior surveys
Certification record
Past performance

All test facilities will be under continuous surveillance by S&ID
representatives during Apollo qualification tests. Previously established

standards must be maintained in order to retain approval status.

Rated Commercial Facilities

S&ID has conducted surveys and delineated qualified commercial test
laboratories in the greater Los Angeles area. Table 9 presents the major
areas of capability of each laboratory approved to date. All survey reports
relating to the Apollo test program will be documented and reviewed
periodically to include new laboratory capabilities and to reflect the latest
surveillance information.
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VIII. NONCONFORMANCE REPORTING AND
NONCONFORMANCE ANALYSIS

The Apollo requirements for crew safety and for flight success will
necessitate plannmg, management, engineering, and, in many cases,
product development that are orders of magnitude greater than those of
present technology. To this end, a nonconformance reporting and a
nonconformance analysis system has been established in the following
end-item equipment areas, from the earliest feasible design evaluation
phase through the complete mission of Apollo. This system will encompass
spaceborne and ground support equipment.

The basic concept underlying the nonconformance reporting system
for the Apollo is found in Paragraph 3, 1{h) of specification MIL-R- 27542,
which states:

The collection, analysis, and feedback of information
to the proper action activity with appropriate follow-
up are fundamental to accomplishment of mature
design.

SYSTEM DESCRIPTION
Objectives

The Apollo nonconformance system has as its objectives the recording,
collecting, analyzing, and feedback of all failures or problems occurring
at the following locations.

Major subcontractors

Vencors and suppliers

In-plant design evaluation, fabrication, installation, test, and
checkout

Customer-controlled tests and checkout

Off-site installation test and checkout

Customer use on the mission

Also, the system provides for the recording, collecting, analyzing, and
feedback of all other significant reliability data, such as operating time,
cycles, replacement information, maintenance activities, adequacy of
checkout equipment, and configurations involved.
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Requirements

Nonconformance analysis will ‘determine the failure mode, probable
cause, and failure effects and differentiate between failures due to equip-
ment and those attributable to human error in handling, transporting,
storing, maintaining, and operating equipment. On-the-spot failure diag-
noses will be accomplished by a team of engineering specialists, reliability
engineers, and quality control engineers; and reasonable facilities will be
readily available so that the program can continue without interruption while
analysis is being accomplished. The method of analysis and reporting will
be compatible with the NASA reporting system. Nonconformance data
flow is indicated in Figure 21.

Nonconformance and failure data will be fed back and used for cor-
rective action as early as possible in the design phase. Therefore, the
results of analyses will be transmitted to the appropriate design, control,
or production activities with priority and provisions for remedial engineer-
ing and/or manufacturing actions to prevent nonconformance and/or
failure recurrence.

Time Limitations

Nonconformance and failure reports are preparedby Quality Assurance
personnel as soon as the problem is encountered. Nonconformance and/or
failure reports issued from S&ID in-plant areas will be transmittedto the data
center within 24 hours after the occurrence. Those initiated at remote
sites will be received by the data center within 3 days from date of issue,
Copies of all failure reporis will be maintained by S&ID and will be available
to NASA-MSC upon request., Included in these reports will be information
required to identify the item, circumstances at the time of encounter, and
symptoms observed.

Rework, replacement, and analysis sections of the failure report
will be completed and returned to the data center within 10 days of the
receipt of the failed article. Where corrective action is required,
the complete report, containing corrective action taken, will be
returned to the data center within 15 days after the failed article is

received, These reports will also be available to NASA-MSC upon
request,
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Definitions

Nonconformance — that which does not comply with the requirements

of applicable drawings, specifications, or procedures. May be a
discrepancy or a failure,

Discrepancy — any nonconformance to drawing specification, or
good quality practice. A failure may result from a discrepancy.

Failure — the cessation of ability of an item to meet the minimum
specified performance.

Report Descriptions

Failure Reporting (Nonconformance Report, NCR)

Nonconformance and/or failure reporting describes the symptoms
at the time of failure, identifies the items involved, describes incidents
leading to the failure, and documents the disposition of the hardware,

Failure Analysis (Nonconformance Analysis Report, NCAR)
Nonconformance and/or failure analysis reporting will more

thoroughly identify the cause of failure by type and classification, defined
as follows:

Type

Primary Self-induced failure
Secondary Failure induced by human error or by
a failure in other equipment

Classification

Critical Reliability degrading failure with ramifi-
cations in crew safety
Major Reliability degrading failure which will

influence accomplishment of the
mission or mission objectives

Minor Failure with no ramification in mission
success or crew safety but which
influences the basic integrity of the
equipment and constitutes a nuisance
value or maintenance incident
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CLOSED-LOOP SYSTEM

A closed-loop failure reporting, analysis, and feedback system will
be established for parts, components, and equipments during design, develop-
ment, test, fabrication, installation, and checkout, All items of spaceborne
equipment for all program phases that are directly associated with crew
safety or flight success will be included, as well as selected items of GOSS
where it is known that the item does not have the design or achievable
reliability to support all program phases and where new items of equipment
are required to support various program »hases. Selected items of ground
support equipment that must meet assigned reliability requirements will
also be included in this reporting system.

Description — Nonconformance Report (NCR) and Nonconformance Analysis
Report (NCAR)

Problem and failure reporting for Apollo will be accomplished by
using procedure and forms that have been developed. (See Figures 22, 23,
and 24,) The basic philosophy will be to search out problem areas and
solutions and to prevent failures from occurring,

Essential to the failure reporting system are the reliability engineers
who are responsible for the analysis of each failure. The reliability
engineer is also responsible to follow up each failure to assure that
corrective action has been implemented and the problem resolved, Diag-
nostic teams of specialists will support the reliability engineers in the
analysis of problems or specific failures. An urgent category will be
established, assuring immediate action on problems affecting crew safety
or accomplishment of mission objectives.

A procedure for the reporting system, QAOP M12.2.1, is in use,.
It utilizes a failure report format compatible with program requirements
and mechanized data processing.

Sufficient laboratory facilities are available to perform failure
analyses on an urgent, high-priority, regular, and detailed study basis.
An analysis facility will be located within reasonable distance from the
work area (including field sites), and, if crew safety is compromised by
a failure, assistance will be quickly available from any area.

Personnel within the central data processing area will process the
reports, and a history retention status and follow-up file will be maintained,
Periodic reports will be made to functional management and supervision
defining the modes of failure demonstrated by the equipment, frequency of
occurrence: corrective action being taken, and an estimate of the measure
of effectiveness of the corrective action,
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Failures experienced during test and ground operations will be
interpreted in terms of influences on mission success or crew safety had
they occurred in flight. Best engineering judgment will be employed in
evaluating the latter incidents.

The discrete level at which failure can be localized (e.g., material,
part, component, subsystem, or system) will be established and the cause
of failure identified. Possible failure causes include design, workmanship,
human error, procedures or documents, contamination, inadequate
maintenance, and wearout.

All symptomatic failures will be analyzed and verified. Those failures
that cannot be verified will be given special attention to determine the reasons
for the failure symptoms and adequacy of detection and isolation equipment.
The failure mode, the effect of the failure, and the priority of the resolutions
will be established. The action agency for further study or resolution will be
identified and a tentative approach to the solution suggested.

Feedback

Feedback includes the corrective or preventive action accomplished
or required, as follows:

Permanent solution to the problem, including documentation of
the implementing instrument

Temporary fix

Spares provisioning

Repair kits

Revised test procedures or other documents

Proper training in the use of the equipment

Others as appropriate to the cause of failure

Coverage

Failure reporting, analysis, and feedback will be established in one
of three ways. A closed-loop system will be employed for items where the
design and achievable reliability requirements are very high in order to
support crew safety and/or flight success. A selective closed-loop system
will be used for items having high design and achievable reliability
requirements and which support various program phases but do not directly
affect crew safety or flight success. An exception-only system will apply
to normal military or commercial quality items that have an important
contribution to the program but are employed in noncritical areas,
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NONCONFORMANCE REPORT

O FAILURE
O DISCREPANCY
{NCR) VTPEOFNC. 5 UNSATISFACTORY
O OTHER
AREFU RO, T3 DATE WO, DAY VK| 4 INITAL REFORT O, | § FROJECT
51 :
6 D ATION & OPERATIO
HOURS-MINUTES-SECONDS-CALENDAR-CYCLES-MILES
NAME PART NO' SERIAL/LOT/HEAT No' WHEN RMVYD | WHEN INSTLD NET USAGE JYPE
NE e
NEXT AGSY
SYETEm
END ITEN MODEL NO. END ITEM SERIAL NO. TTEM REF. DESIG. WMFGR NAME [NC [TEM] | SUPPLIER NAME (NC TTEM]
REPLACEMENT PART NO. REPLACEMENT SERIAL NO. | MIAT. INSP. & REC, (DDZ50) | PRR/RR/FATR NO. OV OF ITEM UNTTOF MEAS
GENERAL ORDER NO. [ REEAsE o, . PURCHASE GROER NO. ASSC CONTR RPT NG CUST REFORT NO.
7 NONCONFORMANCE/OPERATION DATA 9 ANALYSIS REQUIREMENT
REFERENCE DOCUMENTS PARA'NO. " 'REV DATE YES O | NAME DEPT & PHONE NO.
No O
TEST NG FACILITY | LOCATION DEFT | ANAL ASIGNED 70 REF ANAL BOCUMENT
SE MODEL NO. | GSESEAIAT NG, GCCURRED DURING DATE: MO, DAY YR, | RETEST OK TR REQUIRED V&S
O YEs [ NO NO

8 MATERIAL REVIEW BOARD DISPOSITION
QUALITY ENGINEER SUP INFO REQ NO.|  DISP

10 CORRECTIVE ACTION REQUIREMENT
YES O ! NAME DEPT & PHONE NO.
NO O

DISP TYPE | 23H-) NO. l STANDARD REPAIR NO.| DATE: MO. DAY YR. [ DATE: MO. DAY YR. |COI!ECTIVE ACTION ASGD TO DEPT: DATE: MO. DAY YR.
| { |

It DESCRIPTION OF NONCONFORMANCE

NAME | DEPT & PHONE NO.
R R OARD DISPO O
INSP. ACCEPT.
DATE
13 QUALITY CONTROL | 14 ENGINEERING

’ 15 CUSTOMER

16 IMMEDIATE CORRECTIVE ACTION STATEMENT

I SIGNATURE —

|7 DIST DATE INITIAL REPORT m 18 DIST DATE UP.DATED REPORT 19 DIST DATE FINAL REPORT
YR MO oY YR MO DY

FORM 963-M (REV, 10-62)

PAGE OF

Figure 22. Sample Nonconformance Report (Sheet 1 of 2)
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NONCONFORMANCE REPORT CONTINUATION SHEET

NCR NO.

11 DESCRIPTION OF NONCONFORMANCE (CONTD)

FORM 963-M-1 {REV. 10-62)
PAGE OFf

Figure 22. Sample Nonconformance Report (Sheet 2 of 2)
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NONCONFORMANCE ANALYSIS REPORT

(NCAR) 1 NCR NO.
NCR BY LOCATION
2 IDENTIFICATION
NAME PART NO. SERIAL/LOT/HEAT NO. NAME OF MANUFACTURER
NC ITEM
NEXT ASSEMBLY
END ITEM
3 CORRECTIVE ACTION ASSIGNMENT
INFORMATION ONLY ASSIGNED 1O | DATE SUBMITTED I DATE DUE REFERENCE REPORT DSC NO.
ORIGINATED BY DEPARTMENT | NAME l LOCATION | PHONE
4 DESCRIPTION OF NONCONFORMANCE & HISTORY § ANALYSIS & CONCLUSION AND/OR CORRECTIVE ACTION RECOMMENDATIONS
7 ACTION TAKEN {USE SPACE AS NECESSARY FOR THESE ITEMS. GIVE ITEM NO. THEN STATEMENT).

8 CORRECTIVE ACTION BY
[ NAME l PHONE l DEFT & GROUP I DATE SUPERVISOR

l FINAL DISTRIBUTION DATE

FORM 963-M-2 (REV. 10-62)

Figure 23, Sample Nonconformance Analysis Report
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NORTH AMERICAN AATION, i SUPPLIER FAILURE ANALYSIS REPORT

N. A, A. PART NO. SUPPLIER DATE OF FAILURK
PART NAMK SERIAL NO. N. A. A, FAILURE REPORT
SUPPLIER PART NO. OPERATING TIME RELIABILITY ANALYST P. R. R. NO.
TROUBLE
TROUBLE EXPERIENCED DURING: START O FUNCTIONING AS TEST m]
CHECKOUT 0O OPERATIONAL RUN a UNIT O ASSEMBLY O SYSTEMIN MISSILE O
DESCRIPTION OF FAILURE EVIDENCE FROM TEAR DOWN AND/OR FUNCTIONAL CHECK
[
i
-
-l
o
a
=
L]
ANALYST TITLE DATE
CAUSE OF FAILURE: INCLUDING MODE AND FAILED COMPONENT NAME, NUMBER, VENDOR
>
m
(-]
[
[
[
-l
-9
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Figure 24. Supplier Failure Analysis Report Form
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SELECTIVE CLOSED- LOOP SYSTEM

The selective closed-loop system will function in a manner similar to
the closed-loop system described previously. Requirements of the selective
closed-loop system, however, are based upon the fact that problems and
failures being reported do not affect crew safety or mission accomplishment,

The decision of which system to use is a responsibility of Reliability
Engineering.

EXCEPTION-ONLY SYSTEM

The exception-only problem and failure reporting system provides a
mechanism for special reliability problem and failure reporting on items
where field or operational demand require remedial action for program
efficiency. Characteristic of this system is the fact that the problem has
occurred and reliability action is required to solve the problem. Special
Apollo forms will be developed and made available to all activities for
request on items having program significance.
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IX. MANUFACTURING RELIABILITY

Responsibility for maintaining design reliability in the physical
product ~ests with Quality Control and Manufacturing. Failure of equipment
in service due to errors in purchasing, packaging, handling, workmanship,
and inspection are as important as failures due to design. The Apollo
reliability/crew safety requirements necessitate a stringent manufacturing
control program. To accomplish this, a quality assurance program
integrating Reliability Engineering, Quality Engineering, and Quality Control
has been designed to assure that the quality requirements are determined
and satisfied throughout all phases of contract performance. The manu-
facturing reliability program will provide for monitoring, control, and
improvement of manufacturing processes to assure that the reliability
requirements are satisfied.

This manufacturing reliability program relies on (1) assessment of
design, manufacturing, and inspection capabilities, (2) documented control
of procurement, manufacturing, and inspection, (3) reporting and analysis
of discrepancies and malfunctions, and (4) a method for recurrence
prevention. Cognizance is given to the preparation, utilization, and
retention of documents and to the methods for interdepartmental resolution
of manufacturing reliability problems.

Assurance of an effective control system is demonstrated in the
following manner:

1. Process capability is measured and compared with applicable
specifications,

2. Statistical tools are employed to treat failure and discrepancy
data to determine actual conditions and predict future reliability
trends.

3. Performance and yield charts are established to provide data for
corrective action and subsequent measures of effectiveness.

4. Product improvement is accomplished by utilizing design and
reliability reviews, expected and actual fraction defective of a
product, correlation of discrepancy and failure data, and
effective measures to prevent recurrence of a discrepancy or
failure.
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The detailed organization, methods, and procedures for accomplishing
the objectives of the manufacturing reliability program are defined in the
Apollo Quality Control Program Plan (SID 62-154), Included in this plan
is the identification and traceability system that will be used for all Apollo
hardware.

This document and SID 62-154 are considered as supplemental reports,
fulfilling contractual requirements and defining S&ID's total quality and
reliability assurance program.
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X. RELIABILITY INDOCTRINATION AND TRAINING

A continuous reliability-oriented training program is maintained for
all personnel connected with the Apollo project. It is recognized that the
reliability of any product can only result from an integrated team effort in all
phases of the program, from design conception to delivery of the finished
product. This philosophy has resulted in considerable importance being
placed on the reliability training, indoctrination, and motivation of all
personnel from top management, staff areas, and line functions. The effort
includes the specialized training and/or capability certification that will be
given all Apollo personnel whose work has any influence on product quality
and reliability.

A high ratio of contribution to cost in indoctrination and training
activities is essential. Each part of the program outlined here has been
carefully analyzed as to need and mode of operation. Controlled
experiments have been conducted in some cases to assure that only those
activities that can maintain a high ratio are implemented.

All Apollo personnel are selected and assigned tasks on the basis of
past experience, education, cooperation, attitude, adaptability to reliability
concepts, and awareness of the importance of their tasks. Personnel
applying for work in critical areas, regardless of position, are thoroughly
investigated in matters pertaining to their particular field. Indoctrination,
training, and continued evaluation are an integral part of the Apollo Program,
to ensure proficiency, proper motivation, and incentive for achieving the
desired goals. The S&ID Training Department, in coordination with the
Apollo Reliability Manager and the various functional departments, is
responsible for in-house and subcontractor reliability indoctrination,
motivation, and training.

TRAINING

All newly employed personnel receive a general indoctrination lecture
that explains company policies, divisional programs, and available in-house
facilities. In addition, new employees who will be associated in any way
with the Apolle Program receive at least 2 hours of orientation on
reliability concepts as applied to Apollo. They are briefed on the importance
of space exploration, the reality and the mission of Apollo, NASA's and
NAA's roles in space programs, and the requirements for reliability and
crew safety. Appropriate motion pictures are employed to supplement
lecture material.
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Management

Courses on the reliability program and quailification test plans,
reliability concepts, and analytical tools are available to all supervisory
and management personnel. Appropriate news releases, reliability articles,
and industrial psychology data are distributed to management as a means of
providing continuing awareness of their assigned task. Management also
participates in weekly technical discussions with engineering, reliability, and
quality control personnel and in monthly technical meeting with subcontractors
to provide direction.

Supervision

Supervisory personnel receive courses in the reliability program plan,
the Apollo test plan, job instruction training techniques, familiarization in
engineering methods in applicable fields, reliability data analysis and
interpretation, quality control methods, methods of constructing yield charts,
and personnel evaluation sheets as related to Apollo. Members of
supervision also attend periodic reliability seminars. Interdepartmental
reliability improvement meetings covering production problems relating to
design are also attended by supervision and responsible engineers.
Refresher and more advanced training programs are given to members of
supervision at regular intervals. Upon recommendation from the
Reliability or Training Department, supervisory personnel are retrained
after a prolonged absence, when a loss of proficiency is noted, or when new
subject matter is introduced.

Engineering

All engineers on the Apollo program receive reliability training and
are indoctrinated in the influence of their decisions on reliability and crew
safety. Formal courses are offered covering the various technical aspects
of reliability, statistical reliability theory, systems and component analysis,
failure allocations, test planning and analysis, data requirements, and
methods of data analysis. The necessary information to enhance discussion
of specific problems encountered in achieving thedesired product
reliability are developed and presented.

Production

All Apollo production personnel receive special training in their
related fields. Production, inspection, and test personnel are given
specialized training in quality and reliability standards. Actual operating
conditions are simulated for greater effectiveness in training. Special
measuring techniques and devices are used to assure capability and
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proficiency. Personnel performing critical visual operations are subjected
to various eye tests, such as binocular vision and astigmatism. Personnel
performing critical precision operations are tested for manual dexterity,
where applicable.

In special skill, equipment, and process categories, certification is
employed in accordance with the provisions specified in the Apollo Quality
Control Program Plan (SID 62-154). Certification of special processes,
fabrication and inspection operations (such as welding, soldering, wiring,
radiography, magnetic particle, dye penetrant, and bonding) may be reviewed
or repeated by NASA to verify the proficiency for retention of such
certification. Personnel who satisfactorily complete training and the
required tests are given material evidence of certification, which they are
asked to carry on their person while performing such duties. Records
indicating the date of last certification are maintained. The period of
effectivity for all certifications is specified, and the individual is recertified
at the end of the established period.

Individuals transferred to a new operation are subject to recertification.
Retraining and recertification may also be necessary upon recommendation
of the Reliability, Quality Control, or Training Department. The latter is
initiated by prolonged absence, evidence of loss of proficiency, or a change
in production procedures regardless of established certification periods.

Particular attention is paid to the indoctrination and skill of inspectors,
since the final checkout of their particular product is of primary importance.
Special training procedures have been established to measure the
effectiveness of the inspector training program (e.g., samples with known
imperfections are submitted to inspectors to ascertain their knowledge of
the product and acceptance criteria).

Utility and Clerical

Clerical personnel are taught the importance of accuracy in
documentation and other significant functions. Utility personnel are made
aware of the importance of their contribution to the Apollo effort, with
emphasis on the specific tasks to which they are assigned.

TRAINING AIDS AND SUBJECTS

The meaning of reliability is continuously conveyed to all
management, supervision, and engineering personnel by such training aids
as motion pictures, closed-circuit television, slides, and sound tape.

- 93 -

SID 62-203



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

Cutaway models, three-dimensional mock-ups, and other beneficial aids are
used to facilitate instruction. A special illustration group assists in the
production of posters, artwork, animation, and photographic aids.

Production personnel are provided with operational instruction sheets
on all manufacturing operations, production instruction sheets, and pamphlets
which explain in detail each operation. These are revised to reflect current
information. Motion pictures and closed-circuit television are used for
instruction and demonstration where advantageous. Slides and sound tapes
demonstrate right and wrong production methods. In critical cases, slow-
motion pictures, augmented with three-dimensional cutaway models, are
used. '

Closed-Circuit TV Indoctrination Series

Extensive use of closed-circuit television (CCTV) is made to provide
management, supervisory, and engineering personnel on the Apollo Program
with the principles and methods of reliability. The CCTYV indoctrination
series includes the following examples, each of 30-minutes duration.

1. Apollo Reliability Program Plan

2, Design Review

3. Systems Design Analysis

4. Qualification Test Plan

5. High Reliability Parts Control

6. Identification and Traceability

7. Others

Closed-Circuit TV Motivational Series

All employees on the Apollo Program whose work relates to the quality
and/or reliability of the product attend CCTV motivational showings. The
approach builds a strong association between the employees' basic needs and
the attitudes and response patterns that are required. In order to accomplish
this, the training is presented to the personnel within a familiar framework
of skills and information. The CCTV motivational series includes the
following examples, each of 20-minutes duration,
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Top Management Speaks on Product Assurance

Why the Space Program is Necessary

100, 000 Astronauts— the Aerospace Employees
The Apollo Mission

Mechanical Excellance in Manufacturing

The Importance of Cleanliness in Manufacturing

Others

Closed-Circuit TV Supplier Series

The supplier and subcontractor on the Apollo Program participate in
the CCTV motivation series. In addition, a series of indoctrination pro-
grams of special interest to the supplier and subcontractor are made

available,

The CCTV supplier series includes the following examples, each

of 30-minutes duration.

1.

2.

4,

Supporting the Apollo Reliability Program Plan
Supporting the Apollo Qualification Test Plan
Apollo Procurement Documents

Others

Course Subjects

Initial subject matter to be covered by formal courses include the
following, in order of planned presentation:

Fundamentals of reliability mathematics
High-reliability parts '
Reliability program plan

Systems analysis techniques

Computer methods of design analysis
Symbolic logic in reliability

Subcontractor and supplier reliability training
Reliability aspects of procurement

Reliability prediction and assessment
Qualification test plan
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Course descriptions have been, or will be, prepared on each of these
courses. A sample description of a current program is given in Figure 25,
Other courses will be added as the program progresses. v

Technical Publications

The Apollo engineer has available to him various original technical
publications that are prepared to upgrade technical competence in the
reliability area. A sample listing of these publications is as follows:

1. Reliability Techniques
2. Reliability Definitions
3. Fundamentals of Reliability Mathematics
4, Design Analysis Techniques (three volumes)
5. Computer Methods of Analysis
6. Reliability Apportionment and Assessment
7. Design of Qualification Tests
8. Others
MOTIVATION

Every attempt to motivate Apollo personnel is being made., Posters
and slogans are displayed in prominent places and changed weekly. Pride
of association is stimulated by imprinting ""Apollo" on badges of personnel
assigned to the project. Display boards, the S&ID newspaper, and periodic
homeé mailings are used to maximum advantage to inform employees and
their families of Apollo status, News clippings and other related information
are posted.

Credit, rather than censure, for recognition of discrepant parts is
extended to production personnel to increase product reliability and personal
motivation. High-quality work is rewarded by recognition and publicity.

Top management personnel appear frequently in Apollo areas, thus indicating
a high degree of personal interest in the personnel and program progress.
The S&ID suggestion system is exercised to the utmost.
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SUBJECT: Computer Methods of Electronic Design Analysis

A. Course Objectives

The objectives of this courseareto give design, electrical, electronic, and reliability
engineers at S&ID various advanced methods of analysis that have been developed and
a working knowledge of the computer methods associated with each. This course is
designed to acquaint the engineer with methods of writing circuit equations in a form
which can be easily programmed and to interpret the information obtained from the
computer.

The Minuteman computer methods of circuit analysis developed at Autonetics will be
described. A sample circuit will be used to compare the various computer methods

of circuit analysis.

B. Attendance Details

Number of Sessions--ee-eww oo ca oo oo Approximately 30
Duration of Each Session -----cccemomao oo 1-1/2 Hours
Starting Date-----mcmmm oo oo eeoaa o 16 April 1962
Time - e e c e e me e oo 9:00 to 10:30 AM
Monday and Wednesday
Locationem- e cm e e e meeaem Training Room 8 (N20-E26)

C. Course Content

The following analytical methods will Topics to be covered include:
be considered in detail during this
lecture series:

1. Monte Carlo Techniques 1. Basic network topology
2. VINIL Method 2. Loop current equations
3. Moment Method 3. Node voltage equations
4. Parameter Variation Method 4. Steady-state analysis
5. Mandex Worst-Case Analysis 5. LaPlace transforms
6. Circuit transformations
7. Network functions, driving
point, and transfer
8. Network response

9. Equivalent circuits

D. Prerequisites

Because of the advanced mathematical nature of certain of the subject matter, personnel
with the required academic training will gain the most from the course. This should
not discourage attendance by all interested personnel.

Figure 25. Apollo Reliability Training Course Description
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FEEDBACK

All responsible design, reliability, and quality control engineers are
trained in the interpretation of failure feedback information and its use in
formulating corrective action. All applicable production and field personnel
receive extensive training in the identification and proper recording of
failures in order to simplify interpretation and recognition of failure modes.
The importance of accurate and clear documentation with respect to failure
evaluation and the effectiveness of corrective action are emphasized.

SUPPLIER INDOCTRINATION

All subcontractors and suppliers are briefed on Apollo reliability and
safety requirements and the latest methods of reliability enhancement and
achievement, with particular emphasis on the critical nature of manned
spacecraft. Each supplier or subcontractor is required by contract or
purchase order to establish and maintain a reliability training program
similar to that just outlined for S&ID. Reliability brochures and movies are
distributed and shown to subcontractor management, staff, and line personnel.

Frequently, a group of suppliers is brought together for a supplier
symposium that deals with matters of special interest to the group. When
necessary, supplier symposia are conducted in various fields of speciali-
zation, such as metallurgy, manufacturing processes, and inspection
techniques, in addition to such product areas as instruments, raw material,
and high-performance electronic and electromechanical parts. During the
course of these symposia, briefings are held on the importance of training in
failure analysis, feedback techniques, and corrective action.
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X1l. HUMAN ENGINEERING

For those aspects of human engineering that bear directly or
indirectly upon reliability, the appropriate design, test, and reliability
groups will be supported by Life Systems personnel. This human
engineering effort is described in the following paragraphs.

RELIABILITY PROGRAM SUPPORT

Reliability Formulation and Apportionment

A detailed analysis of typical Apollo missions and a description of all
tasks in which Apollo crew members might participate are fundamental to a
definition of the contributions of the crew to system reliability. The per-
formance characteristics and limitations of crew members will be considered
during reliability apportionment as an element in system reliability to the
extent that primary or backup responsibility is assigned to them., Human
engineering studies will be performed to support the requirements for data
on human performance. These studies may include experiments, as well as
surveys of data from appropriate earlier programs,

Reliability Design and Assurance

Task Analyses

At each stage in the design of the Apollo system, task analyses will be
required to the most detailed level permitted by the design decisions already
made or being considered. In early stages of design, function allocations
will be made between crew and equipment and among crew stations. The
allocations will be based upon quantitative estimates of accuracy and
reliability of performance and will be made jointly with design and relia-
bility engineers.

Human engineering analyses will be conducted to assure that all
potential sources of human error are minimized in the spacecraft, ground
support equipment, and associated ground operations through appropriate
task assignments, Life Systems personnel will assist in man-machine
trade-offs to ensure that optimum use is made of the crew members as
power sources, controllers, pattern recognizers, and error detectors.
This will permit simplification of certain vehicle systems whenever
reliability can thereby be increased.
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In later design stages, detailed task analyses will be made as a basis
for specification of the precise characteristics and location of displays,
controls, maintenance checkpoints, handling gear, and attach fittings.
Where potential reliability programs are uncovered by the task analyses,
experimental studies will be made to determine appropriate courses of
action.

Experiments and Data Collection

Human engineering experimentation and the collection of relevant data
from existing experimental literature will be continuing tasks. Wherever
the characteristics of flight or ground crew members can affect the speed,
accuracy, or certainty of system function, those characteristics will be of
interest to the reliability program.

The operation, checkout, and maintenance philosophies embodied in
preliminary designs and specifications for the Apollo vehicle, GOSS, ground
support equipment, and GSE/vehicle interface will be checked for reliability
functions against existing knowledge of performance of personnel on
comparable programs, and for reliability functions. The performance that
can be expected of crew members in the spacecraft environment will be
described quantitatively to permit the estimation of the man-system relia-
bility, to establish criteria for designing the crew into the system, and
to formulate criteria for spares, space tools, and redundancy in equipment
and procedures. Experimental studies will be performed, as required, to
supplement existing performance data.

Experimental evaluations of alternate display, control, maintenance,
and life support equipments will be performed to assure that the components
and designs selected are compatible with overall reliability requirements,
when operated by typical crew members.

Design Reviews

Human engineering personnel will participate in all reliability/crew
safety reviews and in appropriate design reviews. Conformity to SID 62-167,
"Human Engineering Criteria for Space Systems, ' is a requirement for all
Apollo designs, and continuous analysis and close coordination with design
and reliability personnel will assure this conformance.

Program Review and Monitoring

The Life Systems Department will participate in reliability program
reviews and will have a significant ''voice'' in areas involving man-machine
relationships and crew safety. In addition, Life Systems will prepare
appropriate sections of reliability progress reports.
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RELIABILITY ASSESSMENT

Assessment Models

Life Systems personnel will participate with test and reliability
engineers in the design of models for assessing reliability from tests
presently planned, wherever human performance contributes in any way
to the results. Detailed plans for human factors tests are included in the
Apollo test plan.

The design of models to assess system reliability must take careful
account of uncontrollable sources of variation in system performance.
Variations in personnel and interaction effects involving personnel will
be important sources of variance in some demonstrations. Compensating
approaches and criteria for selection of operators will be planned in advance
of any testing or data collection.

The materials and procedures for gathering system performance data
will be designed and evaluated in advance of qualification testing.
Experimental psychologists from the Life Systems organization will assist
in the design and evaluation of test report forms, test procedures, and
instrumentation related to crew member actions.

Demonstration Execution and Interpretation

Many subsystem iests will involve operators and maintenance
personnel. Life Systems personnel, trained in the conduct of experiments
involving personnel, wili assist in the execution of these demonstration tests.

Control of the conditions under which personnel perform in subsystem
tests will be essential to the collection of meaningful data. Life Systems
personnel will describe the necessary controls and monitor the tests to see
that the conditions are met. Collection of subsystem reliability data will,
in some cases, involve the observation of operators by Life Systems
personnel trained in the required control techniques.

Life Systems personnel will also participate in the analysis, interpre-
tation, and reporting of tests intended to provide reliability assessment data.

FAILURE REPORTING, ANALYSIS, AND FEEDBACK
A substantial portion of the failures that may occur in fabrication,
testing, handling, or use of Apollo equipment can be expected to involve

human factors. Life Systems personnel will actively participate in failure
reporting analysis.
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The design of failure report and analysis forms has a significant effort
on the adequacy of the data obtained. Life Systems personnel will continu-
ously monitor the adequacy of these forms and aid in the development of
revised procedures for their use. Experimental evaluation of the adequacy
of revised failure report forms and procedures will be carried out before
implementation on the Apollo program.

Failure reports with human ramifications will be routed to and
analyzed by Life Systems personnel so that human errors can beisolated and
evaluated and corrective action taken. When a failure involving a human
action is detected, Life Systems personnel will study the procedures and
equipment involved in an effort to isolate the source of the failure and
preclude recurrence. If necessary, direct observations will be made to
confirm the failure mode and cause and to permit recurrence control.

MANUFACTURING ASSURANCE

Life Systems personnel will work with Quality Control, Reliability,
Plant Engineering, and Manufacturing Planning in the development of
techniques and equipment that will minimize opportunities for compromise
of crew safety or equipment reliability through human error in the manu-
facturing process.

Manufacturing equipment and layouts will be subjected to an analysis
similar to that conducted on deliverable maintenance or test equipment.
Recommendations will be formulated and transmitted to appropriate design
functions. Manufacturing, inspection, and handling procedures will be
analyzed with the aim of reducing opportunities for component degradation
or erroneous assembly. Written procedures for fabrication, assembly,
inspection, and handling operations will be prepared.

Failures involving human elements during manufacturing or in-plant
handling will be investigated in much the same way as failures in the
test program.

INDOCTRINATION AND TRAINING

Life Systems personnel will assist in the selection and evaluation of
training, indoctrination, and motivation material. Controlled studies will
be designed and carried out, as necessary, to determine the effectiveness of
these programs in training and motivating employees to design and build
more reliable products.
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XII. PACKAGING, HANDLING, STORAGE, AND TRANSPORTATION

A packaging, handling, storage, and transportation program has been
established to ensure planned reliability attainments through controls applied
during all phases of the Apollo program. Protective packaging and handling
of all materials, components, and assemblies associated with the Apollo
program must conform to strict controls in order to meet the rigid
reliability requirements. Protective packaging and handling and engineering
surveillances will minimize the inevitable hazards normally encountered in
procurement, manufacturing, maintenance, storage, transportation, and
other operational processes.

All matters pertaining to preservation, packaging, handling, storage,
and transportation are referred to S&ID's Packaging Engineering Department.
Included are requirements governing delivery of end-items subcontractor
deliveries, supplier's materials and hardware, and in-house manufactured
production support and logistic spares support parts, subassemblies, and
assemblies. Launch site handling, storage, and retrofit packaging are
also monitored. Specific instructions, manuals, training aids, and handbooks
are prepared and issued to cover preservation, packaging, handling, storage,
and transportation of all end items, spares support, and all field returnable
items for manufacturing support.

Based upon a general philosophy that a severe cost penalty or airborne
weight penalty shall not be imposed on hardware design by ground handling,
storage, and transportation environmental criteria, a packaging and transport
program has been established. Protective packaging or special handling
equipment and procedures for special handling, transportation, and storage
will be developed to prevent exposure of the hardware to environmental
conditions in excess of those which its designed capability can withstand
without damage or degradation of its performance. Packaging and container
design criteria and participation in all preliminary, advanced, and corrective
design analyses will be provided to ensure adequate packaging and handling
design considerations. Protective packaging and handling provisions are
applied on all Apollo project hardware prior to release for purchasing or
production. All practical efforts are directed, early in design to preclude
or minimize typical "after-the-fact'" correction of packaging and handling
problems. Utilization of applicable preservation, packaging, handling,
storage, and transportation specifications, manuals, and similar control
documents are surveyed and directed. Promotion of the most effective
applications of the present state-of-the-art are made to maintain the highest
reliability objectives. Concurrent investigations of advanced packaging and
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handling concepts are being conducted, and assistance will be given in
education and training phases covering preservation, packaging, handling,
storage, and transportation.

Improved packaging and handling control documents will be developed
for application to design and procurement reliability control during
manufacture and transportation to and from the launch site. The formal
control system has been devised to minimize degradation of hardware during
fabrication, test, handling, shipment, and storage. Protective packaging
and handling practice callouts will be placed on production drawings and
production orders to advance reliability assurance.

An expeditious system has been initiated to report discrepancies in
handling and packaging in such a manner that corrective action can be
immediately initiated. The S&ID divisional structure has been orientated to
operate with the required authority and responsibility to direct and exercise
surveillance of all matters pertaining to protective packaging and handling.
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XIII. ENGINEERING CHANGES

A system has been established to control and measure the influences of
engineering changes on reliability. Basically, this system is in conformance
with the standard operating procedure for change control and the configuration
control requirements of the Apollo program.

Apollo Engineering is responsible for initiating the change control
procedure. It will review all changes to determine their classification and
process them in accordance with the Standard Operating Procedure.
Reliability review and approval of changes are applicable to the following
documents:

Engineering drawings
Engineering orders
Process specifications
Material specifications
Test specifications
Procurement specifications

All failure data applicable to the specific item being changed are
reviewed, as are in-process problem and discrepancy data applicable to the
item being changed. Previous design review recommendations are analyzed,
Design analysis checklists are used to ensure adequate screening of the
change to determine its influence on reliability. Dispositions of the
reliability change review are documented. All changes that require NASA
approval will incorporate reliability prediction and justification data, as
presented on the form shown in Figure 26,
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Appendix A

OPTIMUM REDUNDANCY AT COMPONENT LEVEL

One of the basic problems arising in design of the Apollo spacecraft is
that of developing a reliable system in a short time. Since it cannot be
anticipated that reliability improvements of substantial magnitude above the
present state-of-the-art can be accomplished within the next few years,
S&ID has adopted a philosophy of justified redundancy at the component and
subsystem level to obtain an extremely high reliability system, utilizing
components of only medium high reliability,

Component redundancy has frequently proved unsuccessful in complex
equipment because of necessity of installing additional equipment to detect a
failure of one component and actuate switching to the spare or redundant
component, Typically, the detect-switch mechanism is too unreliable to
accomplish its intended purpose.

Fortunately, the Apollo spacecraft is equipped with a simple, reliable
detect-switch device, consisting of the spacecraft crew, Full advantage can
be made of the crew by utilizing them as reliability monitors of spacecraft
equipment and allowing them to switch to spare components,

The problem then arises as to where component redundancy should be
utilized and to what extent, The model described below analyzes the system
to determine the degree of redundancy of each component which maximizes
system reliability within a fixed weight restraint, Other restraints or
combinations of restraints can also be utilized in the same manner.

ANALYTICAL MODEL

A mission simulation model has been developed that relates the mission
success and crew safety reliability to the reliability or MTBF of the
individual components within the space vehicle, including the effects of
redundancy, on-board spares, and backup modes of operation, This model is
based on the reliability definitions developed in Section II of this report and
considers the operational phases of the Apollo mission. The model has the
capability of numerically evaluating the effect of the MTBF of each component
on both mission success and crew safety, In optimizing redundancy and
on-board spares, each component is evaluated to determine its effect on
system reliability, From this, the effect of adding redundancy and spares

A-1l
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can be determined, Knowing the weight of each component, potential
candidates for redundancy can be evaluated as to the expected increase of
reliability per pound of additional weight.

The procedure for picking spares and redundancy is to rank these
candidates with respect to the expected increase of reliability per pound
of added weight. Components are then added to the design in their order
of effectiveness until sufficient components have been added to meet the
reliability requirement within the weight constraint. This determines the
design which will achieve the reliability requirement with the minimum
weight,
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Appendix B

SAMPLE CIRCUIT ANALYSIS UTILIZING
MANDEX WORST-CASE METHOD

This appendix describes an electronic circuit having built-in
reliability deficiencies and presents the methods of developing
equivalent circuits for each of its components. The individual
equivalent circuits are then combined into an overall equivalent
circuit, where a system of N simultaneous linear equations in N
unknowns is developed to describe its operation. In the equations,
combinations of input parameters are used as coefficients for the
unknowns,

The mandex worst-case circuit analysis method is explained,
and the method is applied to the system of equations developed for
the sample circuit., As the sample circuit is analyzed, indications
of inherent deficiencies are pointed out to enable a more thorough
understanding of the method,
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SAMPLE CIRCUIT

A. INTRODUCTION

In the following sections of this manual, the single-stage common
emitter amplifier shown in Figure B-1 will be analyzed using each com-
puter method. In order to illustrate the effectiveness of the methods,
certain deficiencies are designed into the circuit:

1. The transistor will cut off under certain conditions.

2. The transistor will saturate under certain conditions.

3. Resistors may dissipate too much power.

4. The gain requirements may not be met.

The first step toward final computer analysis is to draw the equi-
valent d-c and a-c circuits and formulate their equations. Before ac-

complishing these tasks, a review of the equivalent circuits for each of
the circuit components is in order.

RL

C2

Ry Ry C3 Rout

Figure B-1. Single-Stage Common Emitter Amplifier
B. EQUIVALENT CIRCUITS FOR ELECTRONIC COMPONENTS

To facilitate writing of equivalent circuit equations, equivalent
circuits for each category of common electronic parts are described
below. Only one type of each category is analyzed and may be used as
a guide for developing equivalent circuits for similar types. Note
that references are not made to circuit applications while deriving the
individual equivalent circuits. Instead, each part is isolated and various
assumptions are made.
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N

C. CAPACITORS

There is no such thing as the '"'perfect capacitor." Such factors
as leakage currents, nonzero power factors, series resistance, etc,
must be considered when deriving its equivalent circuit.

One possible capacitor-equivalent circuit is shown in Figure B-2,
The value of C is the nominal value of the capacitor.

Parallel re-
sistance R

represents the d-c leakage resistance, the minimum

R
PF=cos § =_%
Z12

Dissipation Factor =cot§ = Ry wC

- -1
em e A T

212 =Rg + jX¢

D-C Circuit Ry, = Rp (o< for most applications)

A-C Circuit Zjy =Rg + X

Figure B-2. Capacitor Equivalent Circuit and
Phase Relationships

value of which is given in the part specification (e.g., 10, 000 megohms).
In the majority of applications, R_ can be considered as open circuit.

p
Resistor R, denotes the equivalent series resistance (esr) of the capacitor.
If the equivalent series resistance is not given in the part specification,
it can be calculated using the dissipation factor relationship given next

to the vector diagram in Figure B-2, The esr of capacitors used by
Autonetics is rarely more than a few ohms.

The d-c equivalent circuit for a capacitor is Rp, because C is
open to direct current and Ry is minute compared to Rp' In most
transistor applications, Rp can be considered infinite, because leakage
currents are in the order of a few millimicroamperes. The equivalent
a-c circuit can be simplified to Rg + JX. because of the high resistance
of Rp. It is quite unlikely that computer analysis techniques will be

applied to circuits where the inductive reactance of the capacitor must
be considered.
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D. TRANSFORMERS

The equivalent-circuit representation of a transformer depends
to a great extent on its design, function in the circuit, and operating
frequency. In this section, two equivalent circuits are described:
(1) a T-equivalent-circuit and (2) a somewhat simpler circuit to
describe a transformer operating at audio frequencies.

The ideal transformer and its associated symbols are shown at
the top of Figure B-3. The classical T-equivalent circuit, ignoring capaci-
tances and core losses, is shown at the center of the figure. The
modified T-equivalent circuit at the bottom of the figure was derived
by defining M' as the ratio of the mutual inductance to the coefficient

of coupling (/ L LS) and letting M = M' - L
p
1/2

L Thus, leakage inductance
Because M'>> LL’ M! - L%M'. If the

primary (LLp) and secondary (LLS) leakage inductances are not equal,

Lp = (1-K) - (LpLg)

they may be individually designated in the primary and secondary

windings.
Lp = Primary Self-Inductance =a‘ Lg
M
Lg = Secondary Self-Inductance
1 —0 3
Lp § Lg a = Ratio of the Number of Primary Turns
2 4 to the Number of Secondary Turns
M = Mutual Inductance =K(L L )l/Z
= = pls
RP LP M Lg-M Rg
1 —AWN—03
Rp = D-C Resistance of Primary Winding
M
R, = D-C Resistance of Secondary Winding
20- o4
Rp Lp-M' Lp Ly Lg-M! Rg
1 O_M__m LYY YL m___Wv———o 3
M'-L; &M’
20 o o4

Figure B-3. Transformer T-Equivalent Circuits
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The equivalent circuit used for transformers operating at audio
frequencies is shown in Figure B-4. The equations for this circuit
are as follows:

\Y%

IR +jwl (L. +L)-jwl M
P PP P p s

Lp

-I R

+j L
s L IsRs Jwls(

Ls + LS) - ijpM

This transformer representation for audio frequencies has been used
successfully in the analysis of a-f amplifiers. At higher frequencies,
the distributed winding capacitance may become significant. In other
circuits, a more simplified circuit may be used to eliminate the com-
plex quantities from the equation matrix.

o M AAAN- ﬁo——j
Ip__> -— IS
LP II Lg %RL
1 - S

Figure B-4. Transformer Equivalent Circuit at
Audio Frequencies

?M

E. DIODES

A diode is relatively easy to represent with linear elements.
Effectively, only two possible operating conditions exist: (1) conducting
and (2) nonconducting. However, a diode cannot be referred to merely
as being forward- or reverse-biased; a certain minimum forward
potential is required for conduction to start. When a diode is forward-
biased but nonconducting, it must be treated as if it were reverse-
biased.

When a diode is nonconducting, it can be represented as a high-
value resistor. The d-c characteristics do not abruptly halt as shown
in Figure B-5, but continue onas analmost horizontal line into the reverse -
biased region. The slope of this line is not readily measurable on the
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graph. Therefore, the minimum resistance representing a nonconduct-
ing diode must be calculated from the diode specifications. For the
SG22 diode ( Table B-1), the d=-c nonconducting resistance is

2
ad = 20 megohms

0.1x 10"6 amp

When the forward bias on a diode exceeds a specified level, forward
conduction begins. This specific value can be determined by examining
the d-c characteristic curve of the diode. For the SG22 diode, the curve
intercepts the voltage axis at 0. 55 v (Figure B-5). Linear curve 2 very
nearly approximates the characteristic curve below the knee. Therefore,
the sc.ciprocal of the slope of curve 2 is tne dynamic resistance when
diode current is below 1 ma. The slope of curve 2 (0.01 mho) is cal-
culated directly from the graph, and its reciprocal (100 ohms) is
placed in series with a zero-impedance voltage source (0.55 v) oppos-
ing forward current flow to complete the d-c equivalent circuit shown

; i

in Figure B-6.

oL Tj=25C 11
o
g E| R, - E; Ry
a 2771 j
[
Z
P
I 5
=]
8-4) x 10-3
0 myz S X 1077 o /
8 4 (0.75 - 0.7) 7
< //2
= -3
g 3 mz:————(;'?()s)x;oss =0.01 va
b vere o) i /‘/
2 SG22 CURVE
N /
] 4
1
SN
A |
0 L
0 0.1 0.2 0.3 0.4 0.5,0.6,,0.7 0.8 0.9 1,0
. ] 1
E El:

FORWARD VOLTAGE DROP Epg, V

Figure B-5. D-C Characteristics of the SG22 Diode
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Table B-1. SG22 Specifications, Ratings, and Characteristics

PARAMETER

VALUE

Specifications at 25 C

V¢ at 1 ma 0.64 V % 10 Percent
V¢ at 100 ma, max 1v
Maximum Dynamic Resistance
1 ma, 1 ke 60 ohms
Maximum Inverse Current at 2 V 0.1 ua
Ratings
Maximum Continuous Current (25 C) 150 ma
Recurrent Peak Current 500 ma
Maximum Surge Current (1l sec) 500 ma
Maximum Ambient Temperature 150 C
Maximum Inverse Voltage 6V

Typical Characteristics
V¢ at 1 ma
Vf at 1 ma
Dynamic Resistance
1 ma, 1 kc
100 ma, 1 kc
Temperature Coefficient at | ma

0.64 V £ 10 Percent
0,90 V £ 10 Percent

50 ohms
0.9 ohm #* 20 Percent
-2 mv/C

+ O\~

on

:

U+,

Ig

>

Vp = 0.55V for 0.653 >V12 20.55V

Figure B-6.

= 100 ohms for 0.653 >V, >0.55V

= 12.5 ohms for V;, 20.653 V

Conducting D-C Equivalent Circuit
for the SG22 Diode
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Above 2 ma, the dynamic resistance is the reciprocal of the slope
of linear curve 1. This value is 12.5 ohms. Because the extension of
curve 1l intercepts the voltage axis at 0. 64 v, the voltage source oppos-

ing forward current flow is 0.64 v in the equivalent circuit for currents
above 2 ma. '

Between 1 and 2 ma, the diode resistance is a nonlinear function.
Because equivalent circuit parameters must be linear for computer
analysis, the conducting portion of the diode characteristic curve is
approximated by linear curves 1 and 2, and the computer is programed
to use the reciprocal of one or the other slope for the dynamic resist-
ance and its respective voltage intercept for the opposing voltage source.
This selection decision is determined by the forward bias voltage at the
intersection of the two curves, which is calculated from the following
relationship (see Figure B-5):

E (Rz) - E, (Rl)

X RZ-R1

where

E 1is the abscissa intersection of curves 1 and 2
x

E. is the curve 1 abscissa intercept

1

E‘2 is the curve 2 abscissa intercept

R1 is the reciprocal of the curve 1 slope

R2 is the reciprocal of the curve 2 slope
Thus, by approximating the diode characteristics in the knee

region, the diode part parameters have been adapted for computer

analysis. This same technique can be used for any nonlinear parameter

(i. e., any nonlinear function can be very closely approximated with

two or more linear functions, and the computer can be programed to

substitute alternate values above and below their intersections).

F. ZENER DIODES

Zener diodes are seldom used in the forward-conducting region.
Therefore, one equivalent circuit for the nonconducting region and one
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for the Zener region should be adequate for most applications. In the
nonconducting region, a single high-value resistor is used. In the
Zener region, the sign of the voltage source in series with the effective
diode resistance is reversed from that in a forward-conducting diode.

G. DIODE A-C EQUIVALENT CIRCUITS

Diode a-c equivalent circuits depend on the d-c operating point,
with the only element appearing in the circuit being the equivalent
dynamic resistance. The value of this resistor is determined by the
d-c operating point. When the diode is cut off, the a-c and d-c circuits
are identical. In the forward-conducting or Zener regions, the resist-
ance of the d-c circuit is used but the d-c voltage source is not, because
all d-c sources must be short-circuited in an a-c equivalent circuit.

H. CONTROLLED RECTIFIERS

A controlled rectificr is a 3-terminal semiconductor device.
Basically, it is a diode with a high forward-voltage drop. The applica-
tion of a specific signal to its '"gate'" terminal allows forward conduction
at a lower forward-voltage drop. Like the thyratron grid, once forward
conduction starts, control by the gate is lost.

The anode-cathode branch and the gate-cathode branch of the
controlled rectifier are independent of each other. The anode-cathode
branch has three possible states while the gate-cathode branch has two.
Thus, there are six possible equivalent circuits for the part. In the
following derivation of these equivalent circuits, C35A controlled recti-
fier specifications and data are used.

When the anode-cathode branch is forward-biased and conducting,
it is represented as shown in Figure B-7. To obtain the parameter values
of Vi = 0.8 v and Ry = 0.03 ohms, the typical forward characteristics
from 1 to 10 amp were redrawn on a linear scale from the semilog
manufacturer's curve (Figure B-8, zone A corresponds to zone B) and
interpreted as for an ordinary conducting diode. Above 10 amp, the
high-current characteristics were approximated with a straight curve
whose slope is 100 mhos. Hence, when the instantaneous anode-cathode
forward voltage drop equals or exceeds 1. 175 v (the intersection of the
two curves), VF is 1. 05 v and RF is 0. 01 ohm.
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With the gate open, if the anode-cathode branch is forward-
biased below the "breakover voltage' for the rectifier, 1t will not con-
duct. The breakover voltage for the C35A rectifier is 100 v. The
linear approximation of the typical leakage current curve shown in
Figure B-9 is used to derive the equivalent forward-biased
anode-cathode nonconducting circuit.

R

1 + O\~ v 2

o— -“MA~ 0
ANODE  vp\_/ CATHODE
) Ip (-)

>
For V1,<1.175 V: Vp=0.8V
Rp=0.03 ohm

For V1221.175V VF=1.05V
RF =0.01 ohm

Figure B-7. Controlled Rectifier Anode-Cathode
Equivalent Circuit During Conduction

ZONE A ZONE B
LOW-CURRENT HIGH-CURRENT
CHARACTERISTICS CHARACTERISTICS

12 120

8 80 v
m =33 m =100 4
7
6 60
4
/
7/
4 40 L

INSTANTANEOUS FORWARD CURRENT, AMP
INSTANTANEOUS FORWARD CURRENT, AMP

/

s
///LOW-CURRENT CURVE

20 -
v
,oﬂ(

-7/ |
/ 7
0 0 'A :
0.8 1.0 1.2 10 | 1.2 1.4 1.6 1.8 2.0

Vp=0.8 Viy=1.05 lV =1,
=054 Zone A F ' x=1.175 Zone B
INSTANTANEQUS FORWARD ANODE -CATHODE VOLTAGE DROP, V

~

-

Figure B-8. Linear Plot of the Typical Forward Characteristics
of the Anode-Cathode Branch for a Conducting
C35A Controlled Rectifier

B-10
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18
-65 CSTjSIZS C
16
MAXIMUM
14 \\»
/ /,
12
TYPICAL
/4 (APPLIES AT
10 /] T. =125 C with |
j
4 gate open or
/ shorted to cathode)
L N\ -

8 7 '\ __12.3-5.3) 10-3 :

INSTANTANEOUS LEAKAGE CURRENT, ma

=4.67x 10
// (2 - 0.5) 102
R=(4,67 x 10-5) 1221 x 103
4 - -
/ It=1-mV
Ix=3 mal =10x 10™3 -7,005x 10°3=3 ma

2

0

0 50 100 150 200 250 300 350
INSTANTANEOUS APPLIED VOLTAGE, V
Figure B-9. C35A Controlled Rectifier Anode-Cathode Reverse-Biased

and Forward-Blocking Characteristics
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First, the slope of the curve is 4.67 x 10-5 mho, which is equiva-
lent to an effective series resistance of 21,000 ohms. Second, the curve
extension intercepts the current axis at 3 ma, which dictates an assisting
current generator in the anode-cathode branch to compensate for the
shifted abscissa. These two elements are shown as Rop and Iop at
the left of Figure B-10. Since a current generator is effectively an infinite
impedance, the total circuit resistance to V|, is Rpp and the total current
equals

-1
IA:VIZXRAF +IAF

When the anode-cathode branch is reverse-biased and non-
conducting, its equivalent circuit is identical to the forward-biased
circuit except that the current generator and the total current are
reversed.

When the gate-cathode branch is conducting, it is represented by a
resistor in series with an opposing zero-impedance voltage source as
shown in Figure B-11. The values Vg = 1.0 v and Rp@g = 0.83 are obtained
from curve 1l in Figure B-12. For low voltage-low current magnitudes,
the expanded portion of the graph in the upper-right hand corner must be
analyzed. Curve 2 in Figure B-12 is the gate cutoff characteristic.
Because the linear approximation of this curve passes through the origin
only a single resistor of about 125 ohms is needed to represent the cut-
off gate-cathode branch of a controlled rectifier.

The three anode-cathode and two gate-cathode equivalent circuits
derived in the foregoing paragraphs are shown in all their possible
combinations in Figure B-13. The ratings and characteristics of the
C35A controlled rectifier are given in Table B-2.

IAF IAR
D | __<:>,_
IA IA
1 2 2 1
o——4 ———35 o—9 ——o
ANODE CATHODE ANODE CATHODE
(+) . (-) (-) (+)
WA— L AA—
Rpp RAR
FORWARD BIASED REVERSE BIASED

Ip = f(V),) +C

RAp = Rpg = 21,000 OHMS

Figure B-10. Cut-off Controlled Rectifier Anode-Cathode
Equivalent Circuit

B-12
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v
Rrg 2
lﬁ AN +r\: j‘%
GATE U CATHODE
(+) (-)
I >

Rpg = 0.83 OHMS
Vg =100V

Figure B-11. Conducting Gate=-Cathode Branch
Equivalent Circuit

MAXIMUM GATE CURRENTS REQUIRED

16 >
9] v o v
g sl %
] (3] - |
14 Y SHADED AREA =
‘ o N \“‘\\ LOCUS OF FIRING
\Q \ POINTS FROM
3 - TO 125 C
3 LQ\ N -65 C T 1
12 é 2 \\ k \
2 NN
g N :
10 2, 5 1 N ;& o
CUTOFF
2 T+——-F=0,75 V MINIMUM GATE FIRING VOLTAGE -65 G
< Z 4-dl___L_0.25V MINIMUM GATE FIRING VOLTAGE 125 C
2 0 1 1 l l
5 o 50 100 150 200

INSTANTANEQUS GATE CURRENT, ma

N

INSTANTANEOUS GATE VOLTAGE, V
o ©
o ]
N

1
CONDUCTING
/
2
|
V= 1.0 - 2.0 - 0.4
X = g mz-—————=1,2 mho
- 2,0-1,3
0 ] ]
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2

INSTANTANEOUS GATE CURRENT, AMP

Figure B-12. C35A Controlled Rectifier Firing Characteristics
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Table B-2. C35A Silicon Controlled Rectifier Ratings and Characteristics

MAXIMUM ALLOWABLE RATINGS (RESISTIVE OR INDUCTIVE LOAD)

Continuous Peak Inverse Voltage (PIV)
Transient PIV (Nonrecurrent 5 ms)
VRMs Sinusoidal
Average Forward Current (Iy)
1t for Fusing
Peak Gate Power
Peak Gate Current (IG)
Peak Gate Voltage (V)
Forward
Inverse
Storage Temperature
Operating Temperature
Stud Torque

CHARACTERISTICS

Minimum Forward Breakover Voltage
(Vgo)

Maximum Reverse (Ig) or Forward
(Is) Leakage Current (Full-Cycle
Average)

Maximum Forward Voltage (VF)
(Average)

Maximum Gate Current to Fire

Gate Voltage to Fire (VgF)

Maximum
Minimum

Maximum Thermal Resistance (R )

Typical Holding Current (Ip)

Typical Gate Current to Fire (Igg)

Typical Reverse (Ig) or Forward
(1.) Leakage

Typical Delay Time (tg)

Typical Rise Time (t,.)

Typical Turn-on Time (tgq + t,.)

Typical Turn-off Time (tg)

100 v

150 v

70 v

16 amp

75 amp?/Sec (t < 8
5 w

2 amp

10 v

5 v .
-65 C to 150 C
-65 C to 125 C
30 in. -1b

100 v

6.5 ma

0.86 v
25 ma

3 v

0.25 Vv

2 C/w (jct to stud)

10 ma

100ma @ + 1.5 v
Gate-Cathode

See graphs

0.5 - 1.5 usec
0.5 - 3.0 yu sec
1.0 - 4,5 U sec
10 - 20 usec
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I. TRANSISTORS

Transistors require different equivalent circuits for each of their
operational modes: (1) cutoff, (2) cutoff-to-active transistion, (3) active,
(4) active-to-saturation transition, and (5) saturation. Example circuits for
each mode are derived in the following paragraphs using the 2N657 npn
diffused-junction silicon transistor in the grounded emitter configuration.
Specifications for the grounded emitter characteristics of the 2N657 transistor
are shown in Table B-3 and Figure 14.

An ordinary transistor is a 3-terminal device having an input terminal,
an output terminal, and a common-ground terminal. Analyzing the device
from a blackbox viewpoint, it consists of an input-to-ground impedance (Zip)
and an output-to-ground impedance (Zout). In the case of a grounded emitter
transistor, Z;jn is designated Zgg and Zgyy is designated Zcg. ZBE is
determined by analyzing the base characteristics of the transistor and ZCE
is determined by analyzing the collector characteristics.

The typical collector characteristics for a grounded emitter 2N657
transistor are shown in Figure B-14A. The saturation region is to the left
of the m = 1/Rox curve, the active region is between the m = 1/Rcx and the
Ig = 0 curves, and the cutoff region is below the Ig = 0 curve. The typical
base characteristics are shown in Figure B-14B. Note, that the Iz vs Vpg
curve is similar to the diode characteristic curve of Figure B-5.

When a transistor is operating in the saturation region, the collector
characteristic curve is linear with a slope equal to the reciprocal of the
saturation resistance (designated R, or Rcg). According to Table B-3,
maximum Ry for the 2N657 is 25 ohms. This is depicted as the MAX Rcyx
curve in Figure B-14A. The value of the typical Rcyx shown on the collector
characteristic graph is (2-0) v/(160-0) x 10-3 amp = 12.5 ohms. Since this
curve passes through 0, 0, no current or voltage generator is required and
Zcg can be represented as Ry = 12.5 ohms, as shown in Figure B-15A.

SID 62-203




SPACE and INFORMATION SYSTEMS DIVISION

NORTH AMERICAN AVIATION, INC.

'
j21008

oywyf

wryo

wryo

uryo

rux

LINN

Xew

Xeuwl

urw

Xew

Xew

urw

urut

urur

{

09

06

00%

09

0s¢

s?

009

0¢

06

01

00T

001

HNTVA

'W (¢

j=qe 04 0¢

BW (¢

'W Q¢

‘W (¢

'W 0§ =

'W g

H

BW 007

0=

HH ‘A 0E = m0>
= UH ‘AS = mm>
= OH ‘A 0€ = U>
= UH ‘A 0E = U>
= UH ‘A 0OE = O>
= UH ‘A 0O€ = U>
= UH ‘A 0 = U>
mH ‘BUI 002 = UH
mH ‘AOT = MU>
UH ‘A 0T = MU>
MH ‘A 0g = m0>
0 C

I ‘ewx ggZ = 71

d 0}

0= "1 ‘ewrggg =71

0=

1 o}

I ‘ewr o1 = 71

SNOILIONOD 1SJdL

OmOH ‘D 0G1 1% juUdIIND JJO-IND 10329700

OMNH ‘QUdIIny) JJo-1nH I933TLLUN

30
Y ‘@duejpjtwpy indinQ

o3

U ‘OW 7 j® UIBD JUSIIND PIBMIOT

ax
Yy ‘uren afejjop 9sisady

own ‘uten juslIny pIeEMIOT

wﬁs ‘oouepaduwy indug

SENTVA NDISAQ TVOIdAL
NUM ‘9oue)}s1s9y uorjeIn}eg

3: ‘oouepadwy jndug

M.ms ‘0T3®Y JI3JSUBIJ jULIIND

OmUH ‘JuarInyd jjo-ind I0323([00)

Ommm>mm ‘a3ej[0A\ UumopdBOIQ

Om0>m ‘a8e3j[0A umopyeaxrg

Om0>m ‘a8®31T0A umopyeaaxg

SENTVA NDISEA WAWINIWN ANV WANWIXVIN

YALINVIVd

O 62 = "L e 103sisuea], LG9N? 9Y} 10y suonjediyioadg uBiseg ‘¢-g o1qe],

B-17

SID 62-203




SPACE and INFORMATION SYSTEMS DIVISION

NORTH AMERICAN AVIATION, INC.

ww ‘91 g NIWAND ASVE

o1

uoljeIndjuo) I9)3TWE UOWWOD 9Y3} Ul JGYNZ Y3 JO sO13staaideiry) ‘Hl-g oind1g

SOILSINIALSVHVHD ASvE (d)

A ‘3% ‘aovitoa asve _m.ou;
mm.oux>_ | |szo=za
m : L]
: 0
\
\
\
— 7
= \ 0z
| T / \
/
/
ov
/
/
/
> f 09
/
. 08
*y xvw \3
7 /
/
v 001
/
/
/
7 7/ 0zt
/
/ ' avordas
v ov1
/ o1
091
1
081
A 2"mw>
26Z="1L
002

ew ‘O] ‘INFYYND WOLDATTOD

A "EDA ‘IOVITOA HOLOITTIOD

0t=304
82 ¥2 0z 91 21 _ 8 v
o=91 '
|
NOIDIY _
430LND = \
[ /
'w | m
| /
| /
| /
T T
|
w7 S T - ...l\ —
| /
I NOIDAY _ !
FAILOV _ \ v
_ M
\ W
_ z
Ja)
| I s
| AT
wr T |
| / \_
| !
_ \\t *
ew g \\_ \ _
g xvin =] ﬁ
€ 1 = .llv\ Tl/
26z="L / [
TVOIdAL

SOILSIYEIDVEVHD dOLIDZTTOD (V)

or

08

00t

021

091

002

ore

wa ‘3Y “INTHEND HOLDITTOD

B-18

SID 62-203




e

/
NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS DIVISION

B ch C
A o—— 1 zpp * A —
12,5 OHMS
«—
E
B . ie
® o ) ’ 2ce f—s
\./ 350 OHMS
0.5V
Ip
—>
3
v
B
8 + _ hie ch ¢
(C) v ' M- —0
VB - 0. 5 \"2
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Figure B-15. Equivalent D-C Circuit for a Saturated
Grounded Emitter NPN Transistor

As previously mentioned, the base characteristics of a grounded
emitter transistor are similar to those of a diode; the resistance curve
intercepts the voltage axis leading to an equivalent circuit of a zero-
impedance voltage source in series with a resistance whose value is the
reciprocal of the Ig versus Vg curve slope as shown in Figure B-15B.
When the transistor is operating in the saturn region, the base normally
is operating on the Ip} portion of the curve. Therefore, the typical value
of hie, the input impedance, can be either 350 ochms as specified in
Figure B-14A or (2-1) v/(4.2-1.4) ma = 357 ohms as calculated from
Figure B-14B. Voltage source Vg in Figure B-15B is 0.5 v opposing the
base current, because Ip)] intercepts the abscissa at that value. Combining
the collector and the base equivalent circuits derived above results in the
composite d-c equivalent circuit shown in Figure B-15C for a grounded
emitter npn transistor operating in the saturation region.

In the active region, the base-to-emitter circuit is essentially the
same as for the saturation region. However, for low values of base
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current, operation is below the knee of the IB versus VBE curve. Thus,
for base-to-emitter bias voltages below a certain value, different values

of hie and VB must be used. These values are 1500 ohms and 0. 25 v,

respectively, and the transition point is 0. 58 v as shown in Figure B-16.
V is calculated from the relationship

Vv =
X h - h
ie2 iel
where
V = abscissa coincidence of curves ] and I
X Bl B2
V., = the abscissa intercept of curve 1
2 B2
h. = the reciprocal of the I slope
iel ‘ Bl P
h _ = the reciprocal of the I slope
ie2 B2
hje = 350 ohms for Vg 20.58 V
Vg = 0.5V for Vgp20.58 V _hl_
hie = 1500 ohms for O.ZSVSVBE<0.58V oe
———AMA————
Vg = 0.25V for 0,25V SVRE<0,58V
v .
+ R hie
B = Vv o

FE'B

Figure B-16. D-C Equivalent Circuit for a Grounded Emitter
NPN Transistor Operating in the Active Region
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The output impedance of a transistor in the active region is the
reciprocal of the slope of the constant-base-current curves on the
collector characteristic graph. Because these slopes vary slightly
from the bottom to the top of the graph, it is most convenient to use the
reciprocal of the typical output admittance (hoe) given in the tabulated

design specifications. For the 2N657 transistor, the typical output
admittance is 904 mhos. Hence, the value of output impedance l/ho

e
in Figure B-16 is 1.1 x 104 = 11,000 ohms.
Each of the constant-base current curves, when approximated by
a straight line with a slope of h  extended to the left, intercepts the
oe

I axis, indicating that an infinite impedance current generator is
c

required in the collector equivalent circuit. The amount of current
produced by this generator depends on base current IB and transistor

current transfer ratio hFE (also referred to as beta). On the collector

E

h rather than the maximum or minimum specification values of 30

FE
or 90, the generator in the collector branch of Figure B-16 produces a

current of 501 _, thus satisfying the gain relationship of the transistor.

characteristics graph, hF at IC = 100 ma is 50. Using this value for

For extremely low-base currents it may be necessary to use the cutoff
equivalent circuit to include the effects of the collector cutoff current.

When a transistor in the grounded emitter configuration is cut off,
it is operating below the IB = zero curve. For this condition a certain

coilector cutoff current, flows. This current is a function of

I ,
CBO
the coilector-to-base bias. As specified in Table B-3, the maximum

IcpO for the 2N657 transistor with VCB = 30vis 10 ua. Thus, the

minimum collector cutoff impedance is 3 megohms. Experiments have

shown that a typical value of ICBO at VB = 30 vis 0. 6 pga. Hence,
the tynical collector-to-base equivalent circuit for a cut-off 2N657

transistor is a 50-megohm resistor (RCB) paralleling an infinite-

impedance 0. 6-pga generator ( ) as shown in Figure B-17.

I
CBO
Simiiarly, an emitter cutoff current (Iggp) that is a function of the
emitter-to-base voltage (VEB) flows in a cut-off transistor. For the
2N657, a tyoical I of lua flows when V = 5 v as specified in

EBO EB
Table B-3, Thus, the emitter-to-base branch of the cut-off transistor

consists of a 50 megohm resistor (REB) in parallel with an infinite-

impedance l-4n2 current generator opposing rormal emitter-current flow,
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CB

R
EB IeBo Ieso

Icgo = 0,6 ua

Rep = 50 megohms
° IEBO = l.0ua
Rgp = 50 megohms

Figure B-17. D-C Equivalent Circuit for a Cut-Off 2N657 Transistor

Current flow out of the base will be resolved when IEBO + ICBO is
subtracted from VBE/REB in the grounded emitter configuration anal-

ysis. When variation limits are specified, take special care to assure

that the generators do not provide more than the short-circuit current
of the circuit through the transistor. Otherwise, a node voitage in the
analysis may become greater than its respective supply voltage.

Transistor behavior, when leaving one region and entering
another, is of particular interest in the anralysis of a circuit. For
examvple, a changing circuit parameter may increase the base voltage
of a cut-off grounded emitter npn transistor to a point where the
transistor enters the active region. In this case, the cut-off equivalent
circuit is not valid after VBE exceeds the cut-off limit. Other instances

may occur where the mode of operation is disturbed by other circuit
elements, particularly if the transistor is not strongly biased into a
particular region.
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The circuit that has been successfully used to represent a grounded
emitter npn transistor between the cut-off and active regions is shown in
Figure B-18. Essentially, it is a combination of the active and cut-off
equivalent circuits of Figures B-16 and B-17.

The base characteristic curve (Figure B-14B) shows that the base
current is very nearly zero up to VBE = 0.25 v. Therefore, I_ should

B
be made zero for all values of V below 0. 25 v by setting VB equal
to VB. This has the effect of giving the base an extremely high input
impedance. The value of h  should be 1 x 10-8 mho to present a high
oe
impedance from the collector to the emitter. Since IB = 0, the output

of current generator hF I_ also will be zero. The value of h, is un-
ie

EB
important in this case, while R and I are as specified for a cut-
P , CB CBO P
off transistor.
As V increases above 0. 25 v, base current starts to flow, and

BE
the transistor enters the active region represented by curve 1

Figure B-14B. For this region V

in
B2
B - 0.25 v, hie = 1500 ohms, andRCBan

are as previously specified. Output admittance h  and current
oe

d

ICBO

transfer ratio hFE depend on IB. When IB = 0.1 ma, h is very

FE
nearly zeroand h =15 x 10" mho. When 0.1 ma < IB < 0.2 ma,
oe

h =10and h = 30 x 10'7 mho. When I_ > 0.2 ma, the transistor
FE oe B

may enter the region defined by the IBl curve. Crossover point VX is

computed as shown in the paragraph covering the base-to-emitter circuit.

With the value of V known, V may be compared with it and, if
x

BE

Vv , the equivalent-circuit values should correspond to thosc of

s
BE ~ 'x

the transistor operating on curve I Conversely, 1if V > A\ , the
. X BE

Bl
values corresponding tocurve IBZ should be used. Vy should be redeter-
mined each time the computer varies a parameter;if thetransistor normally

is operating on curve IBZ and h, is being varied, the interscction point
ie '

may be moved past the operating point. This is highly unlikely, but
precautions should be taken to preclude the possibility.

Opecration of a transistor going from the saturation to active region

is treated essentially the same, except that the equivalent circuit is
similar to that for an active transistor (Figure B-16). When the transistor
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Rcp

AAA
yvy
IcBo

oe
SR V'V V—
IB
—
v

BE
+ -
o { F—w ’ oC
hije

Ip hpg

m

Figure B-18. D-C Equivalent Circuit for a Grounded Emitter
NPN Transistor Operating Between the Cut-off
and Active Regions

is saturated, the collector-to-emitter resistance is R and I_h
) cx B FE
is zero, and the other parameters are as specified for saturated

transistors. For the active region, the parameters arc as specified
in Figure B-16. The point at which the transistor leaves the saturation
region and enters the active region is determined by drawing a load
line on its characteristics to determine the minimum values of I_ and
IC required for saturated operation. B

It is very unlikely that a transistor will be saturated with a low
collector currenit. Consecquently, when leaving the saturated region,

operation will be on curve 1 and its parameter values will normally

Bl
be for VBE> V . 1If, by some chance, operation were to switch to the
X
1 curve, parameter values would have to be adjusted accordingly.

B2
Which curve to use depends cntirely on the amount of base current.
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Values for the transistor parameters in the preceding paragraphs
were obtained primarily from the transistor specifications and typical
characteristics. For quantities not evident in these sources, persons
thoroughly familiar with the 2N657 transistor were consulted.

Minor difficulties may be experienced in obtaining values for

h, ‘and h , because most transistor specifications and data are given
ie oe

in terms of the grounded-base configuration. Expression of grounded
emitter parameters in grounded-base terms is illustrated in Figure B-19.
A and B show normal grounded emitter and base configurations. C
shows a grounded-base transistor rotated to the grounded emitter con-
figuration. Finally, D shows the grounded emitter parameters in
grounded-base terms.

All of the transistor equivalent circuits derived above are for
d-c operation. Basically, these same circuits may be used for a-c
operation if the '""h'" parameters are considered to be constant and purely
resistive. These parameters can be constant only if the d-c bias currents
vary over a limited range.

(A) (B)

>
> |._
> ©
s
»:"
»8—""

<
<
<
<
<
1

¢—o —ocC
IIN Bfe IN hee
(C) 1
hop
AAA
\AAS
B c
o —0

VBE IIN hfe

Figure B-19. Expressing Grounded Emitter Input Impedance and
Output Admittance in Grounded-Base Terms
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For a-c operation, only the active mode should be considered.
Hence, the input signal cannot be so large that it will saturate or cut off
the transistor. To determine input signal limits, the quiescent operating
point must be known. This is determined by a d-c analysis in the active
region. Because only dynamic conditions are considered in an a-c
analysis voltage source, VB is not used. The value of hie remains the

same because h, 1is defined as the slope of the base characteristic and
e

i
not as the d-c base voltage divided by the d-c base current. Likewise,
l/hOe is the same as for the active d-c equivalency. The current gen-

erator in the collector branch is basically the same as for the d-c

analysis, with a slight difference in symbolism; where the d-c gain is
designated hFE’ the a-c gain is designated hfe' Similarly, the d-c base
current is designated IB, and the a-c base current is designated ib.
Because it normally may be neglected, voltage feedback generator

h V is not included in the base circuit. If the transistor type or
re c

circuit dictates its use, this generator may be included.

Transistor capacitances (e. g., collector capacitance Cob) were

not mentioned in the d-c and a-c equivalent circuits because: (1) capac-
itances appear as almost infinite impedances in d-c circuits and, (2)
their effects are minute in a-c circuits except at the higher frequencies.
In the event a particular transistor has a capacitance whose effect would
be noticeable at the operating frequency of the circuit, the capacitance
must be included in the equivalent circuit. The equivalent circuit to be
used is so dependent on the circuit configuration, that a general method
of representation is not included in this report.

J. UNIJUNCTION TRANSISTOR

Inasmuch as the unijunction transistor is a relative newcomer to
the semiconductor field, some background information is provided
below to facilitate the understanding of the derived equivalent circuits.

The unijunction transistor consists of a bar of n-type silicon with
a resistive contact at each end (base 1 and base 2) on one side and a
rectifying-type contact (the emitter) on the opposite side near base 2

(see Figure B-20). In the most commonly used circuits, base 1 (Bl) is

close to ground potential and a positive bias voltage (VBBO) is applied

to base 2 (BZ). With no emitter current flowing, the silicon bar acts
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BASE 2

BASE 1
l’/[//////\/‘/‘/‘///////////A S|
P
EMITTER
Figure B-20. The Unijunction Transistor
as a voltage divider with a certain fraction of VBBO appearing at the
emitter (E). This fraction of V is known as the intrinsic standoff

BBO
ratio and is designated . If the emitter voltage (VE) is less than

nVBBO’ the emitter junction is reverse biased and a reverse leakage

current (IEO) flows between BZ and E. In this cut-off condition there

is a relatively high interbase resistance (R O) limiting interbase

BB
current (I ) (see Figure B-21).

BBO

Figure B-21. Cut-Off (A) and Conducting (B) Unijunction Transistor
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When VE reaches a value VP (which is slightly greater than

T]VBBO), emitter current (IE) flows between E and Bl. This current

consists primarily of holes injected into the silicon bar by the emitter.
These holes move to B1 and increase the number of free electrons

there to decrease the resistance near B.. This decreased resistance

1

results in an increase of interbase current. As shown inFigure B-21B,

IBI = IBZ + IE. Thus, the increase in IBZ appears as a current gain
in IBl relative to IE.

Peak emitter voltage VP is the voltage required to ''fire' the

transistor, and is defined as

= +
VP " VBBO VD

where VD is the temperature correction factor. VD is defined as

200
Vp T T,
J
where T, is the junction temperature in Kelvin degrees. Parameter VD
J
is approximately equal to VV - VO in Figure B-22. Vois obtained by extend-

ing the emitter saturation curve to intercept the VE axis as a diode

characteristic. Thus, VO equals the forward threshold voltage of

the fictitious diode.

Note that the emitter curve indicates a negative resistance
characteristic in the active region. Hence, the limiting factor for
maximum emitter current is the configuration of the emitter circuit.
If the available emitter current (IE) is greater than the minimum

current required to fire the transistor at VP (IP), the transistor will

leave the cut-off region. If the available IE is greater than Iv, the
point at which the transistor goes into the saturated region, the
transistor will enter the saturated region and assume a positive re-

sistance characteristic.

The relaxation oscillator circuit of Figure B-23is atypicalapplication
for a unijunction transistor and is used to develop an equivalent circuit
for operation in the saturated region. As capacitor C is charged
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Figure B-22.

Unijunction Transistor

90 uSEC Vi=+30V

T

Typical Static Emitter Characteristics of a

100K

E 2

2N492

Q

3 ——A—
)
R

Figure B-23.
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through Rl, VE becomes slightly greater than VP. With the IE avail-

able from C greater than Ip (4 4 a),the transistor fires and C discharges

through the E to B, resistance (RS’E 40 ohms) and R3.

1
This situation is illustratedin Figure B-24. The transistor fires at

point 1, at which time the emitter characteristics jump to the next

stable operating point (2, theoretically the intersection of the peak

voltage point and the saturation curve). From this point, capacitor

C discharges through RS along the saturation curve until V_, drops

below the level required to maintain conduction (point 3, VV = 2 v).

When V_, drops below V. , the emitter characteristics revert to the cut-

off state (point 4) and the cycle is repeated. Because very little
current .is contributed by Vl act.ing thrf)ugh Rl, the e‘ffective IE(MAX)
is contributed by C. The effective resistance reduction between

E and B, causes an increased I which appears as a current gain

relative to IE through R3.

the point of maximum emitter current, the equivalent circuit of
Figure B-25 can be used.

Because this circuit requires analysis at

The emitter branch is represented as a diode with R equal to
s

the emitter saturation resistance (about 40 ohms) and VO equal to the

voltage intercept of the saturation curve extension (1.5 v opposed to

emitter current). Maximum emitter current (IE(MAX)) is limited by
maximum current available from the capacitor (IC). This value can

be found using the relationship

v_ -V
P ©)

I = ,
E(MAX) RS + R3

which, for the relaxation oscillator circuitof Figure B-23is 182 ma.

© @

:

|
1
T T LA
\_ Iy TE(MAX)
vV =15V

Figure B-24. Approximate Dynamic Emitter Characteristics of a
Unijunction Transistor Used in a Relaxation Oscillator Circuit
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Ig2=1.7 (Ig (MAx))”Z REo I

2 x 107

RBBO
1 7500

{B) =

Figure B-25. Saturated (A) and Cut-Off (B) Unijunction

Hence, capacitor C is represented as an infinite impedance current
generator in the equivalent circuit. The current-gain characteristic

of the interbase transistor branch is approximated by infinite impedance
constant-current generator Igp,. For the 2N492 unijunction transistor,

the current produced by Ig, is calculated using the following empirically
derived equation:

I
1 _ B2 (MOD) (1 )1/2
B2(MAX) 7 E(MAX)
where
IBZ(MOD) is the nominal modulated interbase current from the
2N492 electrical characteristics shownin Table B-4,
IE(MAX) is calculated as above,
and
7 is the square root of IE used to determine IBZ(MOD)

as specified in the electrical characteristics.

For this equivalent circuit, Iz, = 23 ma.

The cut-off equivalent circuit is shown in Figure B-25B, and is char-
acterized by the emitter being reverse-biased with a large emitter-cutoff
resistance (REO) and a relatively large interbase resistance (RBBO)'

The value of Rppo is obtained directly from the electrical characteristics

of the transistor while REO is calculated from the characteristics, as
follows:
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Table B-4. Electrical Characteristics of the
2N492 Unijunction Transistor

VALUE

CHARACTERISTIC UNIT
MIN NOM MAX
Major
Interbase Resistance at
T;=25C (Rppo) 6200 | 7500 | 9100 | ohm
Intrinsic Standoff Ratio ( 1) 0. 56 0. 62 0.68 —

Modulated Interbase Current
at Iz =50 ma, VBB =10V

(Ig2(MODY 6.8 12 22 ma
Emitter Reverse Current
at VEO =60V (IEO) a— 0.03 12 ua
Minor
Emitter Saturation Voltage at
Ig =50 ma, Vgg =10 V (VE (SAT)) 2.7 3.6 4.5 A%
Peak Point Emitter Current
at Vgp=25YV (Ip) — 4 12 ua
R _VEO_()XIO1 _2X109 )
EO = I = = onms.

EO 3x 10

The capacitor is represented by battery V | equal to VV, the charge

remaining at the point of cutoff (about 2. 0 v).

Since a unijunction transistor jumps from the cut-off to saturated
states and back to the cut-off state if enough emitter current is available,
it is most likely that one of these two states will be encountered. For
computer analysis, then, the unijunction transistor should be initially
represented in the cut-off state and tests should be made for V__. If
Vg <Vp, the cut-off represcntation is valid and remains in the circuit.

If, however, Vi > Vp, the transistor is operating in the saturation re-

gion and the saturated cquivalent circuit must be substituted by the
computer.
B-32
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K. SPECIAL EQUIVALENT CIRCUITS

As mentioned previously, the equivalent circuits derived above
are not catholic. The following is a description of a problem encoun-
tered in a circuit analysis and its solution.

A transistor operating in a circuit was discovered to have suf-
ficient base current to put it in the saturated region. However, this
transistor was operating as an inverted switch (IC reversed) and the
equivalent circuitof Figure B-15for a saturated transistor was not valid.
Because the collector current was reversed, the collector was behaving
like an emitter, and R., was not required as a parameter.

t would exist from

r
hi

If R.x were removed from the circuit, a sho
! this assumption

tor to ecmitter. Although not quite true,
would be acceptable for some applications. The analysis of the circuit
in which this situation arose required more accuracy than a collector-

to-emitter short would allow.

Hence, it was decided to represent the collector and emitter as
two emitters with two equal impedances: (1) contact resistance and (2)
resistance of the transistor material as a function of the current through
it. As shown in Figure B-26, the contact resistance (RO) was set equal to
0.5 ohm, and the other impedance was found to be 0,026 v/1g, where
I is the d-c emitter current. This is equal to an 0,026 v generator
opposing current flow in each emitter branch.

As can be seen from the foregoing example, equivalent circuits
cannot be drawn to hard and fast rules. Therefore, to obviate the need
for unnecessary work by an analyst, it is most desirable that the design
engineer be the person who formulates or very closely supervises the
development of the equivalent circuits for analysis.

VB

—o (

Figure B-26. D-C Equivalent Circuit of an Inverted Switch
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L. D-C EQUIVALENT CIRCUIT OF THE SAMPLE CIRCUIT

Using the circuit-synthesis techniques described previously, the
d-c equivalent circuit of Figure B-27 was developed for the sample
circuit of Figure B-1.

Note that the 2N335A npn transistor is represented in the common
emitter configuration operating in the active region with its parameters
specified in converted common-base terms. The common emitter con-
figuration is used because the real circuit uses it. The active region
is assumed because the amplifier is supposed to operate without dis-
torting the input signal. During the various analyses, tests will be
conducted to ascertain whether or not the transistor will be driven into
saturation or cut-off by variations in the circuit parametersor the input
signal. Finally, the transistor common emitter parameters are stated
in converted common-base terms so existing part data can be applied
directly. This technique is in the nature of an experiment, because the
conversions are being verified as this manual is written. Should they
indeed be accurate, much empirical data gathering will be eliminated
for future analyses. '

Ry
C 04—-@

-

TV IphpE
hep (1 +h,)

+< >— an _
hyp (1 + hge) I
b £
. h Ry = 1000  1/hgp (1 + hee) =43,000

E oq-—@ R, = 6000 hip (1 + he,) =487.5
%Ra

@

Ry = 500 hpg =42
Ry = 2000 Vg =0.58

S =20

Figure B-27. D-C Equivalent Circuit of the Sample Circuit
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For the circuit external to the transistor, all capacitors have
been considered as open circuits because of the low voltages involved.
Thus, the input and output loops are eliminated from consideration in
the d-c equivalency. Nominal values for the resistors are equal to the
precise values of the actual parts used in the breadboard model of the
circuit that was constructed to verify the authenticity of the equivalent
circuit. This was done so parameter variations would not have to be
considered when comparing computed and measured nominal values.

Assuming the use of nonfailed parts, circuit operation is primarily
dependent on the operation of the transistor. Thus, it is necessary to
determine the currents through the transistor and the bias voltages ap-
plied to it. For these purposes, circuit equations for the equivalent
circuit must be written. One of two methods can be used to determine
the equations: (1) the loop-current mcthod based on Kirchoff's voltage
law, or (2) the node-voltage method based on Kirchoff's current law.
For greatest simplicity, the node-voltage method is used to determine
the equations for the d-c equivalent circuit of Figure B-27.

Essentially, Kirchoff's current law states that the algebraic sum
of the currents at any branch point of a network is zero. Hence, the
sum of the currents at each node-voltage point in Figure B-27 is zero
(Vy, V,, and V3). Therefore,

v, ) v, -s ) V- Vg -V, »
R, R, h, (1+h )
- - - - h
Vo -5 N VooV, N (V- Vg - Vi) hoo -
RL 1/hO (1+hfe) hib (1+hfe)
and
V3+V3+VB_V1+ v, -V, _(Vl‘VB'V3)hFE_O
1 h o
Ry by (I+he) L/h g (1+h ) ip (B b))

resulting in a system of three linear circuit equations in three unknown
voltages whose coefficients are expressed in terms of known circuit
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parameters. The third term in the second equation represents the cur-
rent due to current generator Ig hpp because

V. -V_ -
1~ Vg V3

1 h
hib( * fe)

IB:

from the first equation. The third term in the third equation is a nega-
tive Ig hFE because the direction of the current generator is opposed

to the assumed current flow.

Rewriting the above system of equations as coefficients of the un-
known node voltages results in the following system:

<1 1 1 ) 1 s Vg
_——y V. +(0)V -<_—>V f— gy —D
R, "h (1+h
Ry "Ry by (Mg )/l 2 \hy (THhe )/ 73 Ry by (Mdhe)

h 1 h S V_h

FE . FE B FE
—_—= v 3|l +h ., (1+h ) V.-(h (l+h )t=—m-s——-}V =y ——=—
h. (1+h ) 1 < )

( ib ( fe) RL ob fe 2 ob fe hib (1+ hfe) 3 R hi (1+h e)

1+h 1 1+h l1+h
FE FE FE
_— == 1lv. . -{nh (t+h )}V, 4{— +—————— 21 (l+h )}V, =-V —_—
h, 1+h > 1 ( > (
< ib { fe) ob fe 2 R3 hib (+hie) ob fe 3 B hib (1+ hfe)

These coefficients are used in the circuit-equation matrix of Table B-5.
The figures directly below the coefficients are the computed nominal
coefficient values using the parameters shown in Figure B-27 (in standard
floating-point notation), When the computer solves this d-c matrix,
voltages V;, V5, and Vg3 will be known and are used to determine the
quiescent operating point of the transistor and the stresses to which the
circuit components are subjected. '

M. EQUATIONS FOR A-C EQUIVALENT CIRCUITS

The a-c analysis of any circuit is somewhat more involved than
its d-c analysis. This is due to the fact that complex quantities appear
in the circuit equations because of the capacitive and/or inductive re-
actances. These quantities result in a system of 2n equations in 2n
unknowns.

B-36
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Table B-5. Matrix for the D-C Equivalent of the Sample Circuit
V1 2 Vs
v
l_+ _l_ _.l_ 0 - _l_ _.B_ + i
Ri Rz hijp (1 +hy) hip (1 + he) hip (1 +hee) Ry
0.32179-02 0 -0.20513-02 0.45231-02
h
FE 1 hpp s Vphpg
—_— —— +hgp (1 + hgp) “hop (1 + hgp) = e —_— —
hy (1 + hye) Ry, ob fe ) fe hip {1 + he) RL by, (1 + hfe)
0.86154-01 0.52340-03 -0.86177-01 0.59969-01
1 +hpp 1+h Ve (1 + hgg)
* — 'hob(l+hfe) _l+—_F_L *hob“*'h(e) .u
hip (1 + hge) Ry  hyp (1 + he) hip (1 + heg)
-0.88205-01 -0.23400-04 0.90229-01 -0.51159-01

The system

(a11 ¥ 1bll) (x1 + 1y1) + (a12 + 1b12) (x2 ¥ 1y2) +...% (aln + 1b1n) (xn + 1yn) =c

(a.21 + 1b21) (xl + 1yl) + (a22 ¥ 1b22) (x2 + 1y2) ... (a.Zn + 1b2n) (xn + 1yn)

(a

where

of n linear complex equations in n unknowns

nl + 1bn1) (x1 + iyl) + (anZ + 1bn2) (x2 + 1y2) I (anrl + 1bnn) (xn + 1yn)

a . 1s the real part of the coefficient matrix,
r

b is the imaginary part of the coefficient matrix,
rs

c_is the real part of the dependent column vector,
r
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d is the imaginary part of the dependent column vector,
x  1is the real part of the unknown vector,
y _ is the imaginary part of the unknown vector,
r =1, 2, 3, ..., n,
and

- =1, 2, 3, ..., n,

can be rewritten

a11 x1 - b11 Yy + 1b11 x1 + 1a11 vy +.o. a.ln xn - bln yn ¥ iblnxn+ ialn yn c1 + id1

a1 %1 " PNy

+ ib i - i ' i
oy Xy Yyt By X by Y Fiby X Fia, y syt id

.

a x, -b

n1 1" Pn1 "1 toeva X, b

1717 3an *n nnyn+1bnn

1}

+ib_, x, + ia
n n

1 *1 xn + 1arm Yn cn + 1dn

Each of the complex equations actually is two equations; the real
terms on the left equal the real terms on the right, and the imaginary
terms on the left equal the imaginary terms on the right. Treating each
of the n equations as two equations, one real and one imaginary, the
system becomes 2n real and imaginary equations in 2n unknowns, as

follows:
all><:1+alzx2+...-l—alnxn—b“yl—blzyz-...-blnyn:cl
ibllXl+ib12X2+'“+iblnanriallyl+ia12y2+"'+ialnyn:idl
Ba1 Xy T A X e Ay X TP Y TR Y e P Y TG
ib21 xl+ib22x2 +...+ib2nxn+ia21 yl-fia22 Y, too.t iaZn yn:id‘2
Xyt re e Jrannxn_bnl 71 anYZ ”'-bnnyn:Cn
1bnl xl-i—ibnzx2 .. +1bnnx +ian1 yl+ian2 Y, +...+iarm yn:idrl
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-1
Multiplying both sides of each imaginary equation by i ~ and re-
arranging the system results in a final system of 2n real equations in
Z2n real unknowns

a..x. . ta,_ x,+... 2 x—bllyl-b

1117 %12%2 In *n by vy c

1272 7" P1n Yn T 6

i
(9]

a21xl+a22x t..oa, x -Db yl-bzzyz—...-b

2 2n “n ” C21 2n 'n _ ©2

v e LRI v e

nl 1. n2 2 nn n nl
12 2 In 'n 11

21 71 22 2 2n n 21

b LK BN 3 * e @ =
b x. + X+ b x+an1y1+an2y2’r +annyn dn

Schematically, the matrix for the above system is written

+R -1 X +R
c c v v

+I +R iX +1
C c v v

where

R 1is the real part of the coefficient matrix,
I 1is the imaginary part of the coefficient matrix,
X 1s the real part of the unknown vector,
iX is the imaginary part of the unknown vector,
R 1is the real part of the debendent column vector,

I is the imaginary part of the dependent column vector,

SID 62-203




NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTICMS DIVISION

N. A-C EQUIVALENT CIRCUIT OF THE SAMPLE CIRCUIT

The a-c equivalent circuit developed for the sample circuit of
Figure B-1 is shown in Figure B-28. The nominal values of the resistances
are the same as those in the d-c equivalent circuit (Figure B-27). Note
that all d-c voltage sources have been eliminated and only the active-
region transistor equivalency is used.

Input signal e;, and output impedance Rgyt are included in this
circuit because capacitors C| and C present finite impedance to the
input and output signals. All capacitors are represented without their
equivalent series resistances because these quantities were found to be
insignificant for the application of the sample circuit. However, it is
necessary to include transistor collector-to-emitter capacitance CcC.

The a-c equivalent-circuit system of three linear equations in
three unknowns is presented in Table B-6. Based on the theorem of linear

complex equations these equations are used to formulate the 6 x 6 matrix
of Table B-7.

|||—-<
o
-
VWA—
N<

% RZ | R out

Vi
1 B I
€T
A}

e,
in R

+ O

hijp (1 + hged I
1
e (™)

Figure B-28. A-C Equivalent Circuit of the Sample Circuit
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O. SAMPLE CIRCUIT ANALYSIS

In drawing the d-c and a-c equivalent circuits of the sample cir-
cuit shown in Figure B-1, and writing equivalent circuit equations in terms
of the input parameters, the first two steps in the initial phase of the
complete analysis are accomplished. A breadboard model of the sample
circuit was constructed and laboratory tests were performed thereon,
The accuracy of the equations was verified by solving the equations at
nominal parameter values and comparing the solutions with the data ob-
tained from the laboratory tests on the breadboard model.

In the two equivalent circuits, 17 input parameters are represented.
Each of these parameters is assigned an input parameter number as
shown in Table B-8. Note that the parameter symbols in the equivalent
circuits and the computer printouts differ slightly. This is due to the
fact that the digital computer can print out only upper-case letters.

The output parameters to be investigated are shown in Table B-9,

As each method of analysis is explained in the following sections,
the equations developed above will be incorporated into the computer
program and the circuit deficiencies will show up in the computer print-
out. To assure a thorough understanding of the analysis results, the
circuit failures and the computer-indicated causes for it will be pointed
out.
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Table B-8. Sample Circuit Input Parameters

PARAMETER INPUT NOMINAL VALUE,
SYMBOL gii"g;AL UNIT |PARAMETER|FLOATING POINT

EQ CKT |COMPUTER NUMBER NOTATION
R} R1 1000 ohrn 1 0.10000 04
R> R2 6000 ohm 2 0.60000 04
R, R3 500 ohm 3 0.50000 03
Ry, RL 2000 ohm 4 0.20000 04
*R .| RoOuUT 10000 ohm 5 %% 0.10000 05
*% Gy Cl 5 uf 6 *x 0.50000 - 05
** G, c2 5 uf 7 k% 0.50000 - 05
*% C3 C3 60 uf 8 *x 0.60000 - 04
% Cg ccC 8 uuf 9 x% 0.80000 - 11
*hpp HFED 42 - 10 * 0.42000 02
h¢e HFEA 38 - 11 0.38000 02
hyp, HIB 12.5 |ohm 12 0.12500 02
hop HOB 0.6 |umho 13 0. 60000 - 06
*k £ F 1000 cps 14 #* 0.10000 04
* S S 20 \Y% 15 * 0.20000 02
ke EIN 42.5 |mv (peak) 16 ** 0.42500 - 01
* Vg VBE 0.58 | v 17 * 0.58000 00

* D-C Matrix Only
%% A-C Matrix Only
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Table B-9. Sample Circuit Output Parameters
OUTPUT
PARAMETER DEFINITION
NUMBER|SYMBOL

1 RL1 Real part of V] A-C Voltage

2 RL2 Real part of V32 A-C Voltage

3 RL3 Real part of V3 A-C Voltage

4 IM1 Imaginary part of V] A-C Voltage

5 IM2 Imaginary part of V2 A-C Voltage

6 IM3 Imaginary part of V3 A-C Voltage

7 DCl1 V1 D-C Voltage

8 DC2 V2 D-C Voltage

9 DC3 V3 D-C Voltage

10 PR1 Power Dissipated by R}

11 PR2 Power Dissipated by R

12 PR3 Power Dissipated by R3

13 PRL Power Dissipated by Ry,

14 PTC Power Dissipated by Transistor Collector

15 STV Transistor Collector-to-Emitter D-C Voltage
16 cov Transistor Base-to-Emitter Instantaneous Voltage
17 PHS Transistor Phase Shift

18 VIM  [V] A-C Peak Node Voitage (RL12 + IM12)1/2
19 V1PH |V] Phase Angle

20 V2M |V, A-C Peak Node Voltage (RL22 + IM22)1/2
21 V2PH |V, Phase Angle

22 V3M  |V3 A-C Peak Node Voltage (RL32 + IM32)1/2
23 V3PH V3 Phase Angle
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MANDEX WORST-CASE ANALYSIS

A. INTRODUCTION

The Mandex (Modified and Expanded) Worst-Case Analysis
Program is a method for doing a worst-case analysis of a circuit where-
in the computer (1) calculates the partial derivatives of the output
variables (power dissipations, voltages, etc) with respect to the input
parameters (part values, input voltages, etc); (2) determines how to
set the input parameters to obtain the worst-case solutions for the out-
put variables from the sign of the partials; and (3) solves for the worst-
case values of the output variables. Additionally, certain other calcu-
lations are performed to provide the designer with information on the
effects of varying the input parameter values.

B. MANDEX ANALYSIS PRINTOUT SHEETS

The printout sheets for a Mandex analysis are divided into six
sections: (1) Input Parameter Data, (2) Output Variable Test Informa-
tion, (3) Nominal Solutions, (4) Detailed Mandex Results, (5) One-at-a-
time Output Variable Solutions, and (6) Summary.

Input Parameter Data

Table B-101is the Input Parameter Data section of the sample cir-
cuit analysis printout. The name of the circuit analyzed is given in the
section title and written into the computer program circuit subroutine.
Next, the number of input parameters and output variables is listed.
Beneath this preliminary data are listed the input parameter symbols,
numbers, nominal and extreme values, and nominal to extreme value
percent changes. The input parameter values are listed in standard
floating-point notation while the percent changes are listed in fixed-
point form. The symbols, numbers, nominal values, and percent
changes are entered into the computer as part of the input data.

Output Variable Test Information

Table B-111is the Output Variable Test Information section of the
sample circuit analysis printout. This section lists the name of the
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circuit analyzed under the section title together with the symbols and
numbers of the output variables, the maximum and/or minimum values
with which the worst-case solutions are compared, and information as
to whether the output variables are tested for maximum or minimum,
or both.

Both this section and the Input Parameter Data section consists
primarily of information supplied to the computer. In addition to pro-
viding reference information for the analysis results, printing out this
data serves as a check to verify that the computer has received the
correct information.

Nominal Solutions

Table B-12 shows the sample circuit a-c nominal matrix, the d-c¢
nominal matrix, and the output variable solutions for all input param-
eter values set at their nominal values. The matrices are listed in
rows in floating-point notation with six elements per line:

The 4 x 4 matrix

H(1, 1) H(1, 2) H(1, 3) H(1, 4) T(1)

H(Z2, 1) H(2, 2) H(2, 3) H(2, 4) T(2)

H(3, 1) H(3, 2) H(3, 3) H(3, 4) T(3)

H(4, 1) H(4, 2) H(4, 3) H(4, 4) T(4)
would be programed to be listed

H(l, 1) H(1, 2) H(1, 3) H(1, 4) H(2, 1) H(2, 2)

H(Z2, 3) H(2, 4) H(3, 1) H(3, 2) H(3, 3) H(3, 4)

H(4, 1) H(4,2)  H(4,3) H(4,4) T(1) T(2)

T(3) T(4)
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Similarly, the 23 nominal output variable solutions are listed
in rows in floating-point notation with six elements per line (OV
= output variable):
ov1 oV 2 Oov 3 oV 4 oV 5 oV 6
ov 7 oV 8 OV 9 oV 10 OV 11 oV 12
Oov 13 oV 14 OV 15 OV 16 ov 17 OV 18

oV 19 oV 20 ov 21 oV 22 oV 23

Detailed Mandex Results

Tables B-13 and B-14 show the detailed Mandex results for out-

put variable 17 (PHS) of the sample circuit tested at worst-case maxi-
mum and worst-case minimum, respectively, In the complete sample
circuit Mandex printout, similar sheets were prepared for each output
variable solution. As shown in Table B-11, the sample circuit had
16 output variables tested for both maximum and minimum values, six
for maximum, and one for minimum, Thus, the complete Detailed

Mandex Results section for the sample circuit consisted of 39 sheets
similar to Tables B-13 and B-14,

As shown in Table B-13, the allowed maximum value (see column
MAX TEST VALUE) was 175 degrees while the worst-case solution (see
column SOLUTION VALUE) was 178 degrees. Hence, the solution value
failed the worst-case requirement by 3 degrees {see column DIFFERENCE),

The O under column EQU CKT CHECK indicates that the equiva-
lent circuit used was valid. A 1 or a 2 here would have meant that the
transistor either saturated or cut off and that a saturated or cut-off
equivalent circuit would have to be used for valid results.

The 1 under column LOGIC STATE indicates that the active-region
equivalent circuit was used to obtain the values on the page. If a matrix
change was required as indicated under column EQU CKT CHECK, and
special logic was written into the circuit subroutine covering the change,
the number under column LOGIC STATE would indirate the change.
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The third and fourth columns show the nominal values of the in-
put parameters and the worst case values at which the input parameters
were set to give a worst-case solution for the particular output variable.
The fifth column lists the partial derivatives of the output variable with
respect to each of the input parameters. Next are the changes in the
output variable from nominal when each input parameter is moved from-
its nominal value to its worst-case values, while the other input param-
eters are held at their nominal values. Summing changes of the same
sign and calculating percent changes produces the seventh column. The
PERCENT CHANGES column gives an indication as to which input pa-
rameters are important to the variation of the output variable being tested
for worst case. Ideally, the values in the PERCENT CHANGES column
would all be of the same sign; plus when testing for a maximum value
worst-case solution and minus when testing for a minimum value worst-
case solution. However, because a point of inflection may occur in the
input-output curve, there can be cases in which setting the input param-
eter in the direction indicated by the sign of the partial may produce a
change in the output opposite to that desired. Experience with Mandex
has shown that in every case where an input parameter was set to pro-
duce the wrong change in the output variable, the error in the result
was negligible.

If the partial of an output variable with respect to an input param-
eter is a constant over the range of variation of the input parameter,
the partial computed about the nominal value of the input parameter (or
any other value of the input parameter within its range of variation)
times the change of the input parameter is equal to the change in the
output variable due to changing the input parameter. If the variation of
the output variable with respect to an input parameter is linear, the
partial of the output variable with respect to the input parameter is a
constant. Therefore, the linearity of the input-output relationship can
be investigated by comparing the partial times the input parameter
change with the difference between the output variable solution when the
input parameter is at nominal and the output variable solution when the
input parameter is at its worst-case value. The LINEARITY CHECK
column presents this comparison.

The last column, EQ CKT TEST, provides a check to see if the
equivalent circuit success criteria are met when each of the input pa-
rameters is varied to its worst-case value.
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An area of uncertainty that exists in the Mandex analysis tech-
nique is that of the effects that interrelationships of the input param-
eters may have on the output variables. For instance, if these effects
wer e not present, the sum of the output changes from nominal, when
the input parameters are varied one-at-a-time to their worst-case
values, would equal the difference between the output variable solution
with all input parameters at their worst-case values and the output
variable solution with all input parameters at their nominal values. To
provide an indication of the effects of interrelationships of the input
parameters on the output variable, the above comparison is made,

That is, the sum of the OUTPUT CHANGE FROM NOMINAL column
(12.10) and the worst-case solution of the output variable minus the
nominal solution of the output variable (9.558) are given for comparison.
Also given is the sum of the PARTIAL TIMES INPUT CHANGE column
(19.51). 1If the variations of the output variable with respect to all the
input parameters were linear and there were no interrelationships of
the input parameters, the three values would be equal. In practice,
these quantities are probably never exactly equal. At the present state
of development of Mandex, engineering judgement must be used to eval-
uate the above effects. The effects were not considered to be a problem
in the example given.

The last item in the Detailed Mandex Results section is a list of
the solutions of all output variables when one particular output variable
is tested for a worst-case solution. The solutions are listed across the
page in the standard floating-point notation.

One-at-a-Time Output Variable Solutions

Table B-15 shows the sample-circuit solutions for all output var-
iables that are obtained for one-at-a-time variations of input param-
eters 1 through 4 at their worst-case values. The complete Mandex
printout for the sample circuit included 26 more solutions, one each for
the maximum and minimum worst-case values of all the input param-
eters. The one-at-a-time output variable solutions are obtained by:

1. Setting the first input parameter at its maximum worst-case
value with all other input parameters at their nominal values

B-55
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2, Computing the output variable values for condition 1

3. Setting the first input parameter at its minimum worst-case
value with all other input parameters at their nominal values

4, Computing the output variable values for condition 3

5. Setting the second input parameter at its maximum worst-
case value with all other input parameters at their nominal
values

6. Computing the output variable values for condition 5

7. Continuing this procedure until the computer has set each
input parameter at its maximum and minimum worst-case
values with all other input parameters at their nominal
values and the output variable values for each condition have
been calculated

As shown in Table B-15, the output variable values are listed across
the page in standard floating-point notation.

Summary

Because the Mandex analysis program results in a large volume
of information, a section summarizing the analysis is included as part
of the computer program. This summary is designed to be detached
for inclusion in the report describing the Mandex circuit analysis.

The summary consists of (1) the circuit name and a listing of
the input parameters and their variations allowed; (2) a comparison of
the nominal solutions of the output variables with measured breadboard
values; and (3) the Mandex Results, which contain a listing of the output
variables, the limits against which solutions for these output variables
were tested, the worst-case solutions for these output variables, an
indication if the requirement was not met, an indication if the equivalent
circuit was not valid, and the index numbers of input parameters which
contribute more than 20 percent of the variation in a particular output
variable.
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Part 1 of the summary is a repetition of section 1 of the Mandex
analysis and was illustrated in Table B-10. The breadboard values for
part 2 of the summary are entered into the computer as part of the in-
put data. If a breadboard value is not available for an output variable,
the value is entered as zero. A value, zero or otherwise, must be
entered as breadboard data for all output variables, or else the com-
parison of computed values and breadboard data for output variables
will not be made by the computer.

Table B-16 is the sample circuit Mandex Results part of the sum-
mary. This page summarizes the Detailed Mandex Results section of
the analysis. The maximum and/or minimum values of the output vari-
ables that were tested for worst-case maximum or worst-case minimum
are listed on the Mandex Results page.

These solution values, however, are the maximum and minimum
values obtained during all of the calculations for the output variables.
Therefore, they are not always the value calculated to be the worst-case
value by valid use of the partials to setthe input parameters. For example,
the maximum value listed for RLL2Z MAX inTable B-16is -0.98. The value
given as the worst-case maximum in the Detailed Mandex Results section
of the example analysis was -1.71. In the Mandex analyses that have
been performed to date, it has been found that (1) discrepancies of the

above nature were insignificant or (2) the equivalent circuit used for
the analysis was not valid for that particular operating condition.

An aid is provided for use in determining cases in which the
solution for an output variable appearing on the Mandex Results sheet
is different from the solution value given as the worst-case value in
the Detailed Mandex Results section. The number of the output variable
which was being tested for worst case when the particular solution value
printed on the Mandex Results sheet was obtained, is indicated in the
last two columns of the sheet. The last two columns are not shown in
Table B-16because they are not intended to be included with a report on
an analysis. Rather, they are given as an aid to the designer making
the analysis and are printed out on the Tear-Off portion of the printout
tapes.

C. SAMPLE CIRCUIT MANDEX WORST-CASE ANALYSIS

Table B-17isa condensed table of the mathematical expressions
given to the computer for the output variables and the worst-case values
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calculated by the computer. Normally, the worst-case values would be
obtained from the Detailed Mandex Results section of the computer print-
out. The bulk of this section has been eliminated from this report to
reduce its volume. Hence, the following comments will be referenced

to Table B-17,

Output Parameters 1 Through 6

Output parameters 1 through 6 are the solutions to the 6 x 6 a-c
matrix. Thus, the first three output parameters (RL1 through RL3)
are the real parts of the a-c node voltages, and the second three are
the imaginary parts. These parameters are used to compute output
parameters 18 through 23.

Output Parameters 7 Through 9

Output parameters 7 through 9 are the d-c node voltages obtained
by solving the 3 x 3 d-c matrix. The nominal values of DC! through
DC3 are used to check the validity of the equivalent circuit equations
by comparing them with the values measured on the breadboard model.

Output Parameters 10 Through 13

Output parameters 10 through 13 are the power dissipated by Ry,
RZ, R3, and RL’ respectively. All resistors used in the circuit are
rated at 0. 1 w by their manufacturer. However, Apollo reliability
policy requires that all resistors be derated 50 percent. Thus,
for Apollo applications, the maximum allowable dissipation is 50 mw.
It the circuit is to be used in applications where the resistors can
be used at full power, the maximum allowable dissipation would be
100 mw,

The nominal power dissipated by Rj is about 8 mw, and the
maximum worst-case dissipation is 11 mw, Therefore, output param-
eter 10 is good even for Apollo applications.

The nominal power dissipated by R2 is 49 mw, and the maximum
worst-case dissipation is 61 mw., The worst-case value does not
exceed the 100-mw resistor rating but it is more than the 50-percent
derated limit. For Apollo application, a change to a resistor with a
higher rating is indicated because the nominal value is very near the
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Table B-17. Sample Circuit Mandex Worst-Case Analysis
Output Parameter Equations and Calculated Values

SPACE and INFORMATION SYSTEMS DIVISION

OUTPUT PARAMETER MATHEMATICAL EXPRESSION COMPUTER DETERMINED VALUES oNIT
{OP = OUTPUT PARAMETER WORST-CASE | o0 " | WORST -CASE
SYMBOL | NUMBER IP = INPUT PARAMETER) MINIMUM MAXIMUM
RL! 1 * 0.0328 ¢.0416 0.0464 v
RL2 2 * -9.29 -4.88 -1.71 v
RL3 3 * 0.0000979 0.00251 0.0105 v
M1 4 * 0.00142 0.00409 0.0117 v
M2 5 * 512 -1.51 -0.0730 v
M3 6 * -0.0162 -0.00797 -0.00254 v
DC1 7 * 2.17 2.78 3.40 v
DC2 8 * 7.92 11.6 16.5 v
DC3 9 * 1.16 2.15 2.76 v
1
PRI 10 “(oplZ + 0942)/7_]2 + op?l /el —_ 0.00787 0.0111 w
1
PR2 1 “(OPIZ + 01:42)/2]Z +OPT - 1P15| P2 —_ 0.0493 0.0605 w
i
PR3 12 I[(ops‘z + opt;z)/z]Z + 0P9]2/IP3 S 0.00929 0.0165 w
1
2 IR Y 2
PRL 13 [(opz + OP5 )/z] + OP8 - IPlSl /1P4 — 0.0115 0.0575 w
PTC 14 * 0.092 0.153 w
1
2 2.2 -
STV 15 OP8-OP9 - [(opz-ops) + (OP5.0P6%) -3.74 4.33 v
1
2
cov 16 [(om-om)2 + (OP4-OP6 ]Z - OP7+0P9+IP17 | —— -0.00536 0.0399 v
PHS 17 larctan OP4/OP1 - arctan OPs/OP2 | 156.0 158.0 178.0 DEG
1
2 2z
viM 18 (or1° + op4h 0.0339 0.0418 0.0464 v
VIPH 19 arctan OP4/OP1 2.13 5.62 16.3 DEG
1
2 22
vaM 20 (op2® + ops% 1.77 5.11 9.78 v
VZPH 21 arctan OP5/OP2 184.0 197.0 218.0 DEG
1
viM 22 (opr3® + ope?) ? 0.00129 0.00836 0.0176 v
V3PH 23 arctan OP6/OP3 274.0 287.0 309.0 DEG
* OUTPUT PARAMETERS | THROUGH 9 DETERMINED DIRECTLY FROM MATRIX SOLUTIONS
R
2 22 2
P [( (OP2-OP3) ; (OP5-0P¢) ) + ope-op9] IP13(1+IP11) +
1 1 1
F

[((opz.opa)2 + (ops-ops)z)z
> )

+ OPB—OP‘?]

P12 (1 + IP11) (2) 2

SID 62 -203
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derated limit, and the contribution to the output change from nominal
is distributed among several parameters. (The Detailed Mandex
Results printout for this parameter showed that input parameters

1, 2, 10, and 15 contributed 10, 29, 10, and 49 percent of the change
in output parameter 11.)

The nominal power dissipated by R, is 9 mw, and the maximum
worst-case dissipation is 16.5 mw; therefore, the 50-mw derated limit
is not exceeded.

The nominal power dissipated by Ry is 11.5 mw, and the maximum
worst-case dissipation is 57.5 mw. Also, the Detailed Mandex Results
sheet for output parameter 13 showed that several input parameters
contributed to the change with input parameter 2 (RZ) contributing the
greatest amount (4 mw). Even if the contribution of R, could be re-
duced to zero by substituting a precision resistor (an impossibility),

R still would dissipate 53.5 mw at worst-case conditions, necessi-
tating other input parameter changes. Hence, the best solution would
be to exchange Ry for a resistor with a higher power rating.

Output Parameter 14

The nominal power dissipated by the transistor collector is 92
mw, and the maximum worst-case dissipation is 153 mw. This does
not exceed the rated collector dissipation characteristic of 280 mw, but
does exceed the derated 140 mw limit. To be within the derated limit,
the change from nominal must be limited to 48 mw rather than the
present 61 mw deviation. This indicates that a 25-percent deviation
reduction should be made. The Detailed Mandex Results sheet for
output parameter 14 (PTC) showed the major contributors to the de-
viation were hjp, S, and Ej,. Limiting the variation from nominal of
these input parameters by 40 percent should reduce the variation of
PTC to less than 48 mw.

Output Parameters 15 and 16

Output parameter 15 (STV) is the transistor collector-to-emitter
voltage drop, governing transistor saturation, and output parameter
16 (COV) is the base-to-emitter voltage drop, governing transistor
cut-off. From the transistor collector characteristic curves, it can
be seen that saturation will occur when Ve (the d-c voltage minus
the a-c voltage) drops below +1 v. The base-to-emitter voltage
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(Vpe, the a-c voltage minus the d-c voltage) must be negative or
the base-to-emitter junction will be reverse biased, causing the tran-
sistor to cut off.

The nominal value of the collector voltage drop is 4. 33 v and the
worst-case value is -3.75v. Since V., must be greater than +1, the
allowable variation is 3. 33 v. However, the worst-case variation is
8 08 v, indicating that the actual change from nominal must be reduced
about 59 percent. This can be accomplished by greatly tightening most
input parameter tolerances. Alternatively, the nominal value can be
shifted up to 9. 08 v by changing the bias resistors.

The nominal value of the base voltage dropis -5.4 mv, and the
worst-case value is 39.9 mv. Because Vpe cannot exceed zero, the
iation is 5.4 mv. However, the worst-case variation is
45. 3 mv, indicating the actual change from nominal must be reduced
about 88 percent. As with V., this can be accomplished by greatly
tightening most input parameter tolerances. Also, shifting the nominal
value down to -45.3 mv by changing the bias resistors will eliminate the

failure.

The most practical methods for correcting saturation and cut-off
failures are to shift the bias points of the coilector-to-emitter and
base-to-emitter junctions. However, the collector-to-emitter bias
must be shifted upward whiie the base-to-emitter bias must be shifted
downward. Thus, if an adjustment is made to correct one failure, 1t
will cause the other mean value to be nearer its faiiure point. It might
even cause failure at the mean value. This indicates that the peak-to-
peak input voltage is too high and either the input should be decreased

or the circuit should be redesigned.

Output Parameter 17

The transistor phase shift (PHS)has a nominal value of 168.5 degrees
a maximumvalue 0f 178.0 degrees, and a minimum value 0of155.8 degrees.
The maximum and minimum test limits are 175 degrees and 165 degrees,
respectively. Because this output variable is tested for both minimum
and maximum, and because it fails at both limits, the input parameters
must be adjusted until the worst-case value does not exceed either test
value. With output variables tested at only one limit, it is possible to
prevent the circuit from failing at the worst case by adjusting the mean
value but allowing it to vary the same from the mean.

’
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With output variable 17, it is necessary to restrict the variation from
the mean as well as varying the mean.

It can be seen from the difference between the maximum test
value and the worst-case maximum value that the phase shift has ex-
ceeded its maximum allowable by 3.04 degrees. The OUTPUT CHANGE
FROM NOMINAL column states that restricting input parameters 12
and 13 by 50 percent will change the total output change from nominal
by more then 3 degrees. To preventthe minimum test value from failingat
the worst case, it will be necessary to restrict the variation of all of
the input parameters by 80 to 90 percent. This is determined by com-
paring the difference between the minimum test value and the minimum
worst-case value with the total change from nominal as shown by the
worst-case solution minus the nominal solution. If the mean were
shifted toward the midpoint between the minimum and maximum, away
from the minimum value, it would place further restrictions on the in-
put parameters to prevent a failure at the worst-case maximum, but it
would decrease the restrictions on the parameters in the worst-case
minimum direction. Assuming the mean of output variable 17 is ad-
justedto 170 degrees, change from nominal of 5degreesineachdirection
canbe allowed (a total change of 10 degrees). From the worst-case
solution minus the nominal solution, output variable 17 varied Q.6 degrees
inthe maximum directionand 12.7 degrees inthe minimum direction
(atotal of 22.3 degrees). From this and.the total allowable variation of
10 degrees we can see that all of the input parameters must be
restricted by more than 50 percent in each direction, or a failure will
occur. This would indicate a circuit redesign or a widening of
tolerance limits is necessary if the circuit is not to fail at worst case.

Output Parameter 18 Through 23

Output parameters 18, 20, and 22 are the a-c peak node voltages
at V), V,, and V3, respectively, and output parameters 19, 21, and 23
are the respective phase angles associated with the peak node voltages.

From an output signal standpoint, output variable 20 (the output
voltage) should be examined. The output voltage has a nominal value
of 5.11 v, a worst-case maximum value of 9.78 v and a worst-case
minimum value of 1.77 v. The maximum test limit is 6 v and the mini-
‘mum test limit is 4 v.
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The maximum test value is exceeded at the worst case by 3.78 v
with a total change from nominal of 4.67 v. This indicates that tight
restrictions must be placed on the input parameter variations. The out-
put must be restricted to 19 percent of its present worst-case variation.
The PERCENT CHANGE column states that input parameters 16, 12,
and 4 contribute 94. 4 percent of the change. If these input parameters
are restricted to very little variation (approximately 10 percent), the
worst-case maximum should not exceed the test value. This is an
extreme restriction and the possibility of shifting the mean value to
allow a greater variation should be considered.

The minimum test value is exceeded by 2.23 v with a variation
of 3.34 v from nominal. The output variation from nominal must be
restricted by 67 percent of its present variation. Input parameters 12,
13, 4, and 16 contribute 93.8 percent. If they are restricted to 71 per-
cent of their present variation, the worst-case minimum will not be
exceeded. It should be noted that input parameters 16, 12, and 4 are
being restricted 71 percent of their present variation in one direction
and 90 percent in the other direction. These restrictions are too tight
and indicate that either a circuit redesign is necessary or the test
limits must be widened,

D. SUMMARY OF MANDEX WORST-CASE ANALYSIS FOR SAMPLE CIRCUIT

The initial consideration in deciding what changes should be made
in the circuit are the failures that cannot be corrected by changing
components. The most obvious of these are the equivalent circuit
failures. The summary sheet in the computer analysis indicates that
there was an equivalent circuit failure; i.e., the transistor saturated
or cut off in 28 of the 39 tests. As was pointed out in the discussion
on output parameter 16, these failures cannot be eliminated by
changing circuit components. If a lower input voltage, resulting in a
lower output voltage, is not acceptable, a circuit redesign is in order,
The second noncorrectable failure was the phase shift. Again, either
the limits must be widened or the circuit redesigned. It should be noted
that a decrease in input voltage will not affect the phase shift because
€., has a partial of zero with respect to the phase shift.

Consideration of the corrections of the other failures would be
postponed until the circuit was redesigned or a new computer-run with
a lower e, was received,
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Appendix C

RELIABILITY/DESIGN ANALYSIS CHECKLIST

The succeeding sections are checklists to aid the reliability design
analysis team in the day-by-day review and monitoring of Apollo designs.
Included in early paragraphs are factors which should be checked for all
types of drawings. Other sections list check points applicable to specific
types of designs. The use of appropriate checklists will reduce the amount
of time required during formal review and reduce the number of drawing
changes, otherwise necessary, because of design deficiencies.

The following checklist is provided as an aid to the designer in
auditing his design. While this list may duplicate some of the items on the
checklist used by the Apollo Reliability engineer in day-by-day review, the
basic purpose of this list is self-discipline of the designer in the development
of his designs.

BASIC SYSTEM CONSIDERATIONS

1. Can the system be simplified?
a. Have established system designs been used wherever practical?
b. Have trade-off considerations been reviewed? Has a study been
made with formal computations to determine trade-offs? Have
alternate designs been considered?

2. Does the design include the "man-in-the-loop' concept to support the
reliability and crew safety requirements?

3. 1Is redundancy necessary to meet the reliability requirements? Has
redundancy been optimized?

4. Have reliability and crew safety estimates been made?
a. Do the estimates equal or exceed the reliability requirements
apportionedtothis system, subsystem, component, or part?

5. Have sequentially propagating failures been eliminated to the greatest
extent possible?
a. Are questionable or weak areas evident? Can they be improved or
eliminated within the scope of this design?
b. Is the system designed to be fail safe? Have the effects of failure
been minimized?
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6. Is the system compatible with all functional and environmental parameters,
i,e. acceleration, shock, temperature, etc.?
a. Can design degradation resulting from critical environments be
reduced by further design development; creation of an alternate
environment, i.e. cooling shock mounting, encapsulating, etc.?

7. Will the design accommodate all variations of loading factors which may
affect operationor reliability, suchasthose of voltage, pressure, current,
flow rate, and electrical or mechanical loads?

a. Are all components adequately derated for system stress parameters,
such as pressure, flow rates, voltage, current, and power?

b. Are all components adequately derated for environmental conditions,
such as temperature, vibration, altitude, acceleration, and shock?

8. Are there adequate provisions to protect specific components from
radiation, hard vacuum, micrometeorite impact, etc.?

9. Are there any potential installation stresses?
a. Are there adequate provisions to eliminate combined, self-induced
installation and environmental stresses?
b. Does sterilization processing introduce residual stresses,
compatibility problems, or other reliability degrading influences?

10. Has documentation been accomplished?

a. Have the effects of speed, stability, maneuverability and expected
environments been evaluated and compiled into a formal report?

b. Has a system of interconnecting grounds been established and
documented?

c. Has a report been prepared using value engineering techniques to
determine the relative actual value of each function specified and
to balance the effect of each function with regard to reliability,
functional capabilities, environments, weight, volume, maintainability,
and cost?

d. Have system evaluation test studies, trade-off considerations,
and unique functional and environmental requirements been docu-
mented in a formal report and submitted to responsible design units?

PART SELECTION
1. Has adequate consideration been given to selection of component parts?

2. Has reliability analysis been completed and a report prepared showing
the estimated reliability of functional modules?

*Heating or other sterilization processes to prevent the Spacecraft and it's
equipment from contaminating the moon.

Cc-2
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Are qualified units of all specified components available? If not, are
adequate qualification and reliability tests programmed?

Has use of components or parts which require hand selection been
avoided to the greatest extent possible?

Will the selected qualified parts be used within the conditions for which
they have been qualified?

EQUIPMENT DESIGN

1.

10.

Has a system schematic for this equipment been prepared and subjected
to a reliability review?

Will producibility problems be encountered? Will reliability be degraded
by production processes and techniques required?

Will assembly methods (e.g., welding, soldering, brazing, crimping,
swaging) damage component parts?

Are special precautions and/or techniques called out unneces sarily?

Is incorrect assembly possible?

Are all tolerances sufficiently small? Are any tolerances unnecessarily
small?

Are operating and maintenance personnel protected against electric
shock, excessive temperature, and mechanical hazards?

Are interference and running fits properly specified?

Has adequate creepage distance and air gap been provided for the design
voltage?

Are materials and equipment suitable for the application?

a. Does the equipment employ lacquers, varnishes, silicons, plastics,
or solvents that may evaporate or boil off and leave inadequate
insulation?

b. Does any of the insulation material contain salts or any other
substance that will dissolve in water and thus provide leakage paths
for electrolytic action?

c. Are all insulating materials nonhygroscopic in nature?

C-3
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Are over-voltage and under-voltage characteristics satisfactory for the

usage intended?

a. Are starting current transient characteristics compatible with the
electrical system and the individual system involved?

Is the equipment packaged correctly? Are the chassis adequately
sealed to insure against internal corrosion?

Does the location of component parts provide a minimum of intercon-
necting joints?

Have sources of stress concentration been eliminated by design,
material selection, and/or material treatment in such areas as sharp
corners and insufficient fillet radii; short bend radii; eccentric load
paths; abrupt section change; steel stamped numbering on areas of high
stress; excessively rough surface finish; nonmetallic inclusions, pipe
seams, ingot patterns, segregation, etc., in raw materials?
a. Have thermal stresses and differential thermal expansion been
considered?

Do stops allow for deflection and wear during service life?

a. Are stops which can take full operating force provided to prevent
over-travel?

Have retaining, locking, or snap rings been eliminated where possible?

Are fastener hole sizes and tolerances compatible with part functions?

Will the equipment be exposed to explosive gases or vapors? If so, is

it explosion proof?

a. Are construction materials subject to outgassing or liberating
toxic products?

Is it adequately sealed against the entrance of foreign objects?

Has adequate care been exercised to prevent dissimilar metals from
intimate contact?

Does the design require specific mounting attitude which could be
eliminated by redesign?

MAINTENANCE

1.

Is the equipment maintainable? Have maintenance problems been
considered?

a. Has a maintainability review been conducted and documented?
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2. Are all components located for efficient trouble isolation and
maintenance?

3. Has a preventative maintenance program been established which replaces
components in advance of predicted failure?

4. Are servicing and adjustment points compatible with access to the
installed unit?

5. Can failures be readily detected and isolated?

a. Are test points provided to enable trouble shooting prior to
equipment removal? Are test points subject to inducing failures,
intermittents, etc.?

b. Is the system sufficiently tolerant of variations in component part
characteristics to permit replacement by off-the-shelf
components?

c. Are limited-life parts readily replaceable? Have limited-life parts
been kept to a minimum? Is there adequate justification for use of
the limited-life parts specified?

d. Are components prone to undue deterioration during storage or use
conditions?
6. Is proper lubrication specified?
7. Are special test equipment or tools required for adjustment, inspection,

service, or overhaul? If so, are they justifiable?

a. Is equipment subject to damage during servicing of adjacent
equipment?

b. Are internal controls, such as switches and adjustment screws,
located close to dangerous voltages? If blind screwdriver
adjustment must be made, are safety guides provided?

EQUIPMENT INSTALLATION

1. Is the installation prone to degrade system reliability?
a. Have allaspects ofthe schematic and equipmentinstallationdrawings
been evaluated to reveal possible degrading factors?

2. Do interconnecting wires, tubes, cables, push rods, or similar
interconnections prevent or degrade access to system components?
a. Does the location of components provide a minimum of intercon-
necting joints?
b. Are riveted joints used as electrical conductors?
c. Are interconnections protected against damage by maintenance and
operating personnel?
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10.

11.

12.

13.

Are all necessary torque values specified?

Is adequate wrench clearance and access provided for all bolts, screws,
couplings, nuts, etc.? Can inspection positively distinguish a correct
installation with the access provided?

Are all attachments properly secured by acceptable positive locking
devices?

Are appropriate process specifications and all other necessary
installation instructions called out?

Is equipment properly mounted for vibration and shock isolation? Are
isolation mounts restricted by attach cables or hoses, and is adequate
clearance provided from structure and other equipment?

Is the equipment‘properly cooled or ventilated to dissipate internal heat
and to prevent excessive heating from adjacent equipment? Are adequate
heat sinks provided in passive elements?

Can scrap or waste materials readily be detected and removed?

Are adequate provisions made to prevent entrapment of moisture or
other fluids?

Is adequate allowance made for structural flexure?
Do cables, tubing, etc., exert torque on mating elements?

Do self-engaging devices (rack and panel disconnects) have adequate
float? Are they accurately located? Is the guide engagement sufficiently
ahead of the body engagement? Is the supporting structure rigid? Is

the track tolerance compatible with the guide taper? Is track friction
low?

ELECTRICAL AND ELECTRONIC DESIGNS

Part Parameters

Is there adequate application suitability and reliability data available to
justify selection of parts?

Are part characteristics and requirements adequately specified in
procurement documents and standards?
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3. Have Minuteman-type parts been used only where applicable?

4. Has a parts improvement program been designed and initiated for all
parts whose reliability is inadequate and yet for which no acceptable
substitute parts can be found?

Capacitors
1. Is derating adequate for temperature and humidity variations?

2. Are capacitor containers designed for the changing pressure levels
which will be encountered, so that changing pressure will not result in
changing capacitance?

3. Are all paper capacitors hermetically sealed?

4. Are all ceramic capacitors in a-c or pulsating d-c circuits operated
below the corona-starting voltage?

5. Are capacitors operating within the allowable voltages as derated for
ambient conditions?
a. If capacitors operate within their full tolerance range, will
performance of the circuit be adversely influenced?
b. Are electrolytic capacitors derated to the point where reforming
may be required?

6. Has adequate allowance been made in capacitors for the change in
dielectric constant with age, temperature, voltage, frequency,
ferroelectric effects, piezoelectric effects, humidity?

Connectors
1. Are the highest reliability connectors available used in this design?
a. Have connectors specified been selected from the Minuteman
standard parts list?
b. Are sealing provisions adequate?
2. Is the type of connector specified suitable for the application?
3. Are the connectors selected with solder cups of adequate size to

accommodate the largest anticipated wire size?

4. Are adjacent connectors physically different or polarized so that mating
connections cannot be reversed? (Color coding is inadequate.)
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Diodes

Are the highest reliable diodes available used in this design?

a. Have diodes specified been selected from the Minuteman standard
parts list?

b. Have you checked Military Standard 701B for recommended
preferred lists of diodes?

Can diode lists be reduced by slight circuit changes to use one category
instead of two? If the part is a new state-of-the-art device, have
qualification tests been conducted, have production problems been
completely solved, and is a second source available?

Has the power rating been derated to aid reliable operation?

Has degradation of initial parameter limits been accommodated in the
circuit design?

Are ambient temperatures controlled, or heat sinks provided, to

prevent "hot spots' which might create excessive junction temperatures

within the diode.

a. Are junction temperatures under all environments and operating
conditions compatible with allocated failure budgets?

Electron Tubes

1. Has every effort been made to use a solid-state device rather than a tube?

2. Are special high reliability tubes specified to the greatest extent
possible?

3. Will any tube be subjected to all maximum ratings simultaneously?

4. Have precautions been taken to minimize surge currents?

5. Are all tubes mounted such that they are not normal to the direction
of vibration?

6. Have precautions been taken to insure that rated filament voltage will
not be exceeded?
a. Is derating adequate for the maximum temperature expected?

Motors

1. Is rotational speed held to a minimum compatible with functional and

reliability requirements?
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2. Is the type of bearings and bearing lubricant adequate for the intended
environment and rotational speed?

3. Is power derating compatible with functional and life requirements?

4. Is insulation adequate for the anticipated environment?

5. Are mounting provisions adequate to preclude transmission of heat,
vibration, etc., to adjacent equipment?

Potentiometers

1. Is there adequate justification for using potentiometers?

2. Is the minimum life compatible with functional and reliability
requirements?

3. Is the design such that effects of anticipated environments are
minimized?

Relays

1. 1Is there sufficient justification for using relays?

2. Is the type of relay employed suitable for the application?

3. Are the relay coils protected against damaging transients?

4. Are relay contacts protected against arcing?

a. Are all contacts on the relay utilized? (Paralleling contacts will
increase reliability, provided that such paralleling is not done to
increase the current rating, since different contacts of the same
relay do not make and break simultaneously.)

5. Are all relays mounted such that the direction of motion of the armature
is not coincident with the expected direction of shock?

Resistors

1.

Are the highest reliability resistors available specified in this design?

a. Have the resistors specified been selected from the Minuteman
standard-parts list?
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2. Has consideration been given to the size of the wire or wirewound
resistors?

3. Have precautions been taken not to exceed the maximum rated voltage?
Switches

1. Have precautions been taken on motor-driven or similar actuated
switches to prevent damaging over-travel?

2. Has adequate protection against arcing of contacts been provided?

Transformers

1. Is the transformer designed for the frequency at which it will operate?
(Operation at frequencies above or below transformer design will cause
higher than nominal temperature rise and shorter life.)

2. Have precautions been taken to limit voltage below the corona starting
voltage?

Transistors
1. Are the highest reliable transistors used in this design?

2. Have transistors specified been selected from the Minuteman standard-
parts lists?

3. If the desired part is not available in the Minuteman-standard parts
list, have you checked Military Standard 701B for recommended
preferred lists of transistors?

4, Can transistor lists be reduced by slight circuit changes to use one
category instead of two? If the part is a new state-of-the-art device,
have qualification tests been completed, have production problems
been completely solved, and is a second source available?

5. Has the power rating been derated to aid reliable operation?

6. Has degradation of initial parameter limits been accommodated in the
circuit design?
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7. Have voltage ratings been reduced to permit spikes?

8. Are ambient temperatures controlled or heat sinks provided to prevent
"hot spots' which might create excessive junction temperatures within
the transistor?

Wiring Installation

1. Do interconnecting wires prevent or degrade access to system
components?

2. Are adequate provisions made to prevent entrapment of moisture or
other fluids?

3. Are all wire harnesses properly routed and supported to prevent chafing?
Will they remain chafe-free after normal use and servicing of the
vehicle? Are chafing guards used where necessary? Are high tempera-
ture damping devices employed where necessary?

4. Can hydraulic or other fluids drip on exposed electrical terminals or
wiring.

5. Is provision made to prevent twisting of wires during engagement of
coupling devices?

6. Has adequate provision been made for removing insulating films and
coatings at all grounding points?

7. Does the design minimize the tendency toward cold solder joints? Can
flux be readily removed?

8. Are the proper joining processes and materials employed? Have blind
joints been eliminated? Can joined surfaces be 100 percent inspected?
a. Are riveted joints used as electrical conductors?

9. Is single-point grounding employed?

10. Have wire coding and proper wire sizes been specified?

11. In difficult installations are premolded harnesses employed?

12. Are radio-shielded wiring and harnesses employed where required?

13. Has point-to-point wiring been minimized?
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14.

15.

16.

Is it physically possible to cross-connect wiring between adjacent
fittings of the same type?

Are wires properly routed to reduce electrostatic and electromagnetic
coupling?

Are component terminals improperly used as terminal strips? Are
terminals adequate for the current and voltage involved? Are terminals
shielded against short circuits? Are terminals marked and covered
properly where high voltage is involved? Are terminals properly
identified?

FLUID SYSTEMS DESIGN

Basic System Considerations

10.

Has a complete dynamic analysis of the system, including environmental
influence, been made?

Has adequate surge damping been provided at all critical points in the
system to reduce both catastrophic surges and lesser fatiguing surges,
e.g., from fast-acting cylinders, accumulators, pump pulses, valve
opening and closing?

Have any dead-end lines (pressure switches, gauges) been located near
the pump outlet?

Is it possible for any accumulator to dump into the reservoir or pump
housing?

Are lines and components (particularly swivels and hoses) relieved
from system pressure during nonoperating flight periods?

Are shuttle valves (hydraulic-pneumatic) mounted directly on the
actuating cylinders?

Are hydraulic pump case drain lines separated to prevent cross
contamination?

Does each drain line include filters, and are filters sized to accommo-
date the function and installed to preclude bypass?

Has the maximum contamination level been determined and documented?

Are there adequate provisions for particle size, count, and distribution
determinations?

C-12
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11. Is there adequate protection from contamination by GSE and through
proper venting?

12. Are fill and drain provisions adequate and readily accessible?

13. Are servicing lines difficult to handle? Do they induce stress in
mating parts?

14. Are all materials of construction compatible with the fluids used and
with the contamination requirements?

15. Will vent system capacity preclude damage under system pressure?

16. Will fluid spillage from the vent system contaminate adjacent areas
or cause fire or other hazards during ground operations or in flight?

Equipment Design

1. Are snap rings used to retain parts against hydraulic or mechanical
loads?
2. Are adjustments held by self-locking nuts, rather than jam nuts or

safety wire?
3. Is the design restricted to a particular mounting attitude?
4. Does pressure unbalance exist for either system or return pressure?
5. Have split coil solenoids been avoided?

6. Is the unit unnecessarily sensitive to contamination so that erratic or
unpredictable operation may result? (Ref. pilot operated valves, etc.)

7. Are pressure traps built in so that leakage past seals causes overloading
of end caps?

8. Will mounting cause the case to warp and result in binding of moving
parts?

9. Are parts likely to be jammed or broken due to overtravel or
misrigging?

10. Does drawing specify the minimum radii permissible between adjacent
surfaces, and that all sharp edges must be broken?
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Is the part design compatible with plating process specified, e.g., no
plating required on small internal radii, etc.”?

Have wet solenoid coils been avoided?

Is component likely to deflect to an out-of-tolerance condition when
under pressure or when tightened during assembly?

Are small tapers specified which will make disassembly difficult and
which will cause large stress concentration?

Are locating pins positioned so that possible overdrilling of holes will
weaken or scrap the part?

Are adequate, positive retention devices used on pressed-in parts, such
as filters?

Is welding permitted without normalizing?

Can fittings, screws, or other threaded parts be screwed in excessively
to cause interference?

Are pipe plugs and tapered pipe threads prohibited?

Are close-running fits used between parts with different coefficients of
expansion so that binding will occur when exposed to temperature
extremes?

Are castings used as load-carrying members?

Is either soft solder or cadmium plating used internally?

Have the effects of intergranular or stress corrosion in processing as
well as application been considered? Can other alloys less susceptible
to this condition be substituted?

Is machining concentricity dependent on location from threads?

Will springs cause parts to cock and bind?

Are springs designed so that they are likely to yield or take an
undesirable permanent set?

Will internal adjustments affect external operation, e.g., will valve
adjustment affect handle position?

C-14
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28.

29.

30.

31.

32.

33.

Can the part be installed incorrectly?
Will sudden release of operating force damage the part?
Is flow path free from turbulent restriction?

Are pressure-sensitive devices rugged enough to withstand maximum
surges?

Can part be damaged by back or return pressure surges?

Are the seal installations properly designed?

a. Can the number of dynamic or static seals be reduced?

b. Are face seals used between adjoining members that breathe or
flex under mechanical or hydraulic loads causing leakage?

c. Is installation likely to damage seals during assembly, e.g., sharp
corners or parts over which unsupported seal must pass?

d Is O-ring under tension?

e Does installation require nonstandard O-ring cross section?

f. Have nonreplaceable seals been avoided?

g Has adequate squeeze been specified?

h Are rod seals adequately lubricated to prevent spiral failures after
long periods of nonuse?

i. Is O-ring properly contained to prohibit stretching?

j. Can O-ring be '"'washed out'" under conditions of high flow rates?

Equipment Installation

1.

4.

Are wearout items, suchas seals, readily identified and available for
inspection and replacement?

Can filter elements be replaced without removing other equipment and
without damage to other equipment due to oil spillage?

Are fuses provided for all pressure-sensing devices?

Can the reservoir be easily serviced and checked?

Tubing Installation

1.

2.

Is tubing adequately supported and routed to prevent chafing?
Are flex lines and swivel provided with adequate clearance?

Can both ends of each tube be inspected for proper length and alignment
prior to engaging coupling nuts?

C-15
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10.

11.

12.

13.

14.

Is it necessary to bend tubing during installation?
Can lines be more directly routed with fewer joints required?

Is adequate clearance provided for each coupling for proper installation,
wrench use, and inspection?

Can tubing flex in its installation without chafing?

Is line likely to be damaged during torquing of its fittings or adjacent
fittings? Are provisions for two wrench flats included where torsion
is possible during installation?

Can swivel fittings and flex lines be replaced with torque tubes?

Has brazing or welding been given due consideration to reduce potential
joint leakage?

Are the number of flexible lines minimized? Can swivel or expansion
joints be employed in place of flexible sections?

Are there adequate provisions for leak checks in the systems after
installation?

Are preformed rigid and flexible lines used where installation is tight?

Can tubing joints be combined in a common manifold?

Mechanical Systems Design

1.

2.

3.

Can bellcranks or levers be installed incorrectly so as to chénge the
mechanical advantage?

Are provisions made for a straightforward rigging procedure?

Are interference and running fits properly specified?

CREW PROVISION CONSIDERATIONS

Has a human factors review been conducted and documented to assure

man-machine compatibility?

Instruments and Display Systems

1.

Is the instrument grouping such that scanning may be performed with a
minimum of eye movement?

SID 62-203




NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

10.

11.

12.

13.

14.

15.

Is instrument configuration and location such that parallax is minimized?
Can the instrument be read to accuracy required by the operator?

Is the display system free of features which might produce ambiguity
or invite gross reading errors?

Are changes in readings easily detected?

Are multiple monitoring instruments arranged so that normal positions
are in line, and an abnormal condition is readily detected?

Can indicators be observed even when field of view is limited by
clothing, visors, etc.?

Is mental translation from one unit to another avoided?
Are unsafe ranges of operation clearly shown on indicators?

Is the relationship of the required control movements natural to the
expected instrument movement?

Are the instruments readily distinguishable from each other?

Will the operator be aware of an inoperative condition?

Is illumination satisfactory under all conditions of expected operation?
Is adequate protection provided against glare and shafting?

Is general illumination adequate for retention of depth perception?

Consoles and Controls

1.

Are all controls provided with detents or other positive position 'feel!
to prevent inadvertent partial operation?

Are control handles designed to prevent inadvertent motion, complete or
partial, toward one position during operation toward another?

Are distinctive shapes provided for control knobs or handles, switches,
levers, etc., where they must be operated by 'feel''?

Are controls clearly identified and appropriate position markings shown?
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5. Are knobs and handle sizes consistent with operating force?

6. Are all controls within reach of operator when he is restrained for any
reason?

7. Are all adjustment handles, knobs, or levers positively secured against
creep throughout entire operating range and against all feedback forces

vibrations from connected equipment?

8. Are location, size, and shape suitable for operation with applicable
garments?

9. Are control position indications located so that they are not obscured
by the hand when operating controls?

ESCAPE SURVIVAL AND EARTH-LANDING SYSTEMS
1. Is the operation simple and straightforward?

2. Can the system be actuated under accelerations which might be expected
during uncontrolled flight?

3. Is sequencing of preparatory or secondary operations critical to
operator's survival?

4. Has maximum effort been made to avoid the need for retraction of
protuberances from the escape path? If retraction requirements are
unavoidable, are such items provided with interlocks and manual
overrides to assure that the escape mechanism is not activated until
retraction is effected? Has the interlock system been kept simple?

5. Are alternate means of escape provided if the primary system should
fail?

6. Can crewmen disengage from the system quickly with necessary
emergency equipment?

7. Are precautions taken to insure against inadvertent initiation of

emergency sequences, or operation of emergency equipment, during
launch operations or flight?

8. Are adequate safety devices correctly employed in the design?

9. Is the design such that pyrotechnic lines, cables, etc., cannot be
inadvertently switched during maintenance?

C-18
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10. Is the equipment safe to ground personnel?

11. Are fragile items, e.g., parachute, impact bags, etc., protected against
damage or deterioration from weather and maintenance personnel?

12. Are checkout provisions made for all critical functions?

13. Have all elements of escape, survival, and earthlanding techniques and
equipment been subjected to reliability review and analysis?

SPECIFICATION CONTROL DRAWINGS AND DOCUMENTATION

1. Are all performance parameters clearly defined and acceptable
tolerances given?

2. Is reliability stated as a quantitative design requirements? Are relia-
bility requirements translated into proper design parameters?

3. Are the expected reliability implementation requirements defined?
Are applicable specifications and documents defined?

Is stress analysis defined?

Are reliability estimates defined?

Are failure mode and effect analyses defined?

Are design reviews defined?

Are reliability and quality assurance organizations and responsi-
bilities defined?

mo o TP

4. [Is a test program established to demonstrate the reliability and crew

safety attainment of equipment?

a. Will be entirely suitable for the intended environments?

b. Will repeatedly meet the necessary performance requirements?

c. Will provide reliable performance with low maintenance
requirements for an acceptable service life?

d. Will assure applicability and continuity of data through all levels
of assembly? .

e. Is completely compatible with the design and objectives of the
over-all test program and lends to statistical treatment of results?

5. Are all reports defined so that adequate knowledge of the test results
will be conveyed?
a. Are development tests defined?
b. Are qualification tests defined?
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10.

11.

12.

13.

14.

15.

Are acceptance tests defined?

Are failure reports defined?

Are failure analysis and corrective action defined?

Is previous history of this or similar designs defined?

0 L0

Are all report dates firmly stated to assure information receipt in a
timely manner?

Are requirements delineated to assure control measures and permission
to review facilities and tests?

Is a failure defined to preclude various interpretations of test results?
Has the anticipated environment been completely defined?
Has supplier responsibility for all requirements been clearly defined?

Are all critical physical characteristics clearly defined and are
acceptable tolerances given?

Is appropriate derating of all parts specified?

Are conditions for acceptance clearly defined?

Are the requirements so stated that proprietary interests cannot be
construed to preclude availability of all data necessary to conduct an

independent review?

Are design review data requirements clearly defined?
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Appendix D

RELIABILITY/CREW SAFETY DESIGN REVIEW PROCEDURE

The purpose of this document is to establish formal procedures and
responsibilities for the implementation and accomplishment of reliability/
crew safety design reviews,

SCOPE OF RELIABILITY/CREW SAFETY DESIGN REVIEW

This is a progressive evaluation of a design, starting with the prelim-
inary studies, layouts, schematics, and specifications of requirements, and
extending through the release of all drawings, changes to drawings, specifi-
cations, and other engineering documents that govern the design fabrication,
test, and use, This review assures a detailed consideration of those factors
that govern the ultimate reliability of the design by:

1. Verifying that design disciplines, control measures, and
past experience contributing to reliability have been used

2. Focusing attention on areas of questionable reliability

3. Making recommendations that will improve the reliability
and/or quality of the product

DESIGN REVIEW BOARD

The Reliability/Crew Safety Design Review Board reviews all aspects
of design, including effect on cost and schedule, to identify problem areas
affecting quality, safety, manufacturing, test operations, human factors,
maintainability, facilities, logistics, producibility, and reliability, The
Board defines required actions to resolve the problem areas identified.

The Board is chaired by the Reliability Manager, for the Chief
Engineer, and consists of the following personnel, with additional consultant
or specialist personnel participating, when requested by the Board:

Responsible Design Engineer1
Responsible Design Supervision
Responsible Design Manager
Systems Engineering Manager
(or other engineering management with equivalent functions)

l Personnel responsible for the design being reviewed,

D-1
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Test and Operations Manager

Manufacturing Representative

Logistics Manager

Purchasing Representative

Quality Control Manager

Life Sciences Manager

Project Integration Manager

Manufacturing SMD Engineering Supervision

DESIGN REVIEW PROCEDURE

Design Review Specialists

Reliability design review specialists under the direction of the Design
Review Board Chairman, schedule and organize design review meetings,
They coordinate with the departments concerned to obtain the design material
required for evaluation by the Design Review Board, distribute notices of
design review meetings, and supply the design materials to Design Review
Board members, The design review specialists evaluate the design material
and assimilate the various Board consideration requests and comments into
meeting agenda items, Design Review Board meetings are conducted by one
of the design review specialists, when so directed by the Design Review
Board Chairman.

Departmental Responsibility

Responsible departments prepare the detailed information appropriate
to the applicable design review. Copies are given to the design review
specialists in time for distribution to and evaluation by all Design Review
Board members before the meeting convenes, Personnel responsible for
preparation of design material should be prepared to discuss it during the
Design Review Board meeting.,

Design Review Schedules

The Design Review Board Chairman, through his group of design review
specialists, normally schedules design reviews in three sequential phases:
preliminary, major, and application suitability. The number of reviews
is determined by the criticality of the area to be reviewed, as established
by Reliability, Special design reviews may be scheduled by the Design
Review Board Chairman when requested by a permanent Board member.
Criteria for the three sequential stages and the special design review are
presented in the following paragraphs.

D2
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Preliminary Design Review

The preliminary design review for each design is convened prior to
detail drawing preparation, and as soon as possible after the functional and
environmental criteria have been established and the responsible deéigner
has firmly established the design concept. The purpose of the preliminary
review is to evaluate and approve the design approach, determine potential
problem areas, and provide a basis for further reviews.

The data required for the preliminary reviews consists of:

1. Circuit schematics or charts of functional components for
both electrical and mechanical systems or equipment

2. Environmental and performance criteria that are used in the
determination of environmental stresses and the performance
requirements of the equipment

3, Preliminary failure mode analysis

4. Reliability apportionment, including the major system elements
{The allocation of the reliability quantitative requirements to the
subassembly level is in accordance with stress factors and
complexity that have the greatest influence on the subassembly.)

5. Principles of operation that include the design principle of
the equipment and the operational details

6. Maintainability criteria, consisting of design proof that the
equipment, during specified maintenance periods, can be
restored to operational conditions in minimum time

7. Data resulting from completion of checklists in all areas of
engineering reliability, quality control, test, manufacturing,

logistics, and material

8. Applicable customer, NAA, or supplier specifications, exhibits,
or other documents, when available

Major Design Review

The major design review is normally conducted prior to the final
release of all drawings defining the design to be reviewed, The release of
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engineering drawings, specifications, and supporting documents, however,
proceeds according to established procedures and is not delayed pending
completion of the major design review. At this time, the design has pro-
gressed to a stage that components may be physically and functionally
defined; system and component interfaces delineated; and manufacturing,
quality, test, and operational requirements defined.

During the major design review, the functional, reliability, operability,
maintainability, quality, and producibility aspects of the design are evaluated
and approved, or required actions to eliminate weaknesses are defined.

The data required for the major design review consists of:

1, Specifications delineating design criteria that are used during
the design effort to provide the required integrity of the equipment

2, Detailed layouts defining physical interfaces and characteristics

3., Detailed analysis delineating physical and functional parameters
and tolerances

4, Test operations and maintenance plans for the equipment during
development, manufacturing, and operations

5. Reliability apportionment and prediction reports covering
equipment reliability

6. A statement of environments that include all the environments
in which the equipment will operate

7. A manufacturing plan covering fabrication and quality requirements
8. Data resulting from completion of design review checklists in
all areas of engineering, reliability, quality control, manufacturing,
logistics and material
9. Completed quality implementation plans
10. Failure mode analysis
11. An analysis of the human factors associated with the equipment,

including the elimination of such predicted errors as maladjust-
ment, misalignment, mismatching, and misuse
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Application Suitability Design Review

The application suitability design review is conducted following 100-
percent design release and completion of application approval testing to a
point allowing utilization of applicable data for the review, By this time,
the design is completely defined so that any aspect may be evaluated in
‘detail. Program management in test and operations, quality control,
manu‘acturing, logistics, material, engineering, and reliability functions
have analyzed the design and prepared detailed evaluations of the design
application in program operations.

The application suitability design review provides final and conclusive
acceptance of the design and records reflecting results of testing, quality
control, manufacturing, and logistics operations conducted to assure a
reliable application in the program. When a problem or discrepancy is not
resolved, it is reported to the Chief Engineer, and application approval of
the design is withheld until corrective action is cemplete, Withholding of
application approval precludes granting vehicle launch approval,

The data required for the application suitability design reviews
consists of:

1. Completed layouts, drawings, and details, as determined by
the Design Review Board Chairman and the responsible design
functional representative

2. Data resulting from completion of checklists in all areas of
engineering, reliability, quality control, test, manufacturing,
logistics, and material

3. Completed and evaluated test specifications and test data

4. Completed tooling, manufacturing, and handling plans and
resulting data

5. Completed quality implementation plans and resulting data
6. All pertinent component and system specifications

7. Failure mode and effect analysis

8. Reliability apportionment and prediction reports

9. Completed detailed reliability analysis and assessment
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10, Completed procurement specifications
11. Maintenance plans

12. Human engineering analysis

13, Systems integration analysis

Special Design Review

The Design Review Board Chairman may, upon receipt of recommenda-
tions from any of the permanent Design Review Board members, schedule
a special design review. Written justification is required to substantiate
special design review recommendations. Special design reviews are con-
ducted to review S&ID or supplier designs not included in the regular design
review schedule; changes in design or design application; quality, manu-
facturing, test, or operations problems affecting design; and end-item or
associate contractor interface designs.

Special design reviews may be completed in one stage or may require
scheduling the normal three sequential reviews,

Data requirements for special design reviews are designated by the
Design Review Board Chairman and include, but are not limited to, the
requirements established for preliminary, major or application suitability
design reviews,

Design Disposition

The Design Review Board makes disposition of designs as follows:
1. Design is approved without qualification.

2, Design is approved, but subject to satisfactory resolution of
action items.

3. Design approval is withheld. Approval may be withheld for lack
of sufficient data to evaluate the design, interface problems,
material considerations, etc. A review must be scheduled to
cover areas requiring improvement,

4, Design is disapproved. Complete inadequacy is required to

disapprove a design. Re-review of modified or changed design
approach is necessary.
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)

5. When one or more Board members strongly disagree with the
remaining Board members, a minority report is submitted to
the Chief Engineer,

Problems that the Board is unable to resolve are referred to the Chief
Engineer, In these instances, the Design Review Board Chairman provides

all of the necessary data, including clear definitions of the problem areas.

Chief Engineer's Responsibility

The Chief Engineer takes such action as necessary to resolve the
problems. The design is then re-reviewed and approved by the Board. In
all instances, final authority rests with the Chief Engineer.

Board Chairman's Responsibility

The Design Review Board Chairman is responsible for the preparation
of reports documenting Design Review Board activities. These reports are
submitted to the Chief Engineer, Design Review Board members, and
meeting participants; and they summarize the data submitted to the Board
for design review and reflect Board dispositions, corrective actions taken,
Board approvals, and list all action items requiring rescolution, together with
the group responsible for the action,

The Design Review Board Chairman is responsible for follow-up on
all action items requiring resolution.
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CONTRACTUAL RELIABILITY DOCUMENTATION AND REPORTS

RELIABILITY DIRECT DOCUMENTATION

Reliability Program Plan (SID 62 -203)

This document is the basic document which describes the over -all
plan for the conduct of the Project Apollo reliability effort. The plan

describes and schedules all phases of the reliability effort. It was submitted

to NASA 30 days after contract go-ahead and is reviewed and revised as
necessary.

Quarterly Reliability Status Report

This report provides a comprehensive view of the reliability program,
including the current demonstrated reliability level for each major element
and component, problems, failure analyses, resultc of corrective action
taken or corrective action proposed, test status, and progress anticipated
in the next report period.

Apollo General Test Plan and Procedures (SID 62 -109)

This document includes the complete Apollo test program from
development through flight testing of complete spacecraft. Volume 1,
SID 62-109-1, defines the test logic and emphasizes test integration, conti-
nuity of data through all test phases, and the reliability assessment plan.
Volume 2, SID 62-109-2, details the development testing of individual
systems. Volume 3, SID 62-109-3, replaces the Qualification-Reliability
Test Plan, SID 62-204, and encompasses the complete ground qualification
program for subsystems, GSE, and applicable lower levels of assembly.
Volume 4, SID 62-109-4, delineates the specific acceptance test procedures
to be employed at each applicable level of assembly. Volume 5,
SID 62-109 -5, defines all multiple (combined) systems tests on ground
spacecraft and boilerplate or spacecraft flights. The test plan is supple-
mented by detailed test procedures and standards for data reporting,
corrective action, and equipment performance analysis. Such procedures
govern both S&ID and supplier tests. Special statistically designed experi-
ments and sampling plans are delineated in this document. The reoriented
test plan is to be submitted to NASA on or before 31 March 1963; individual
test procedures are to be submitted to NASA upon request.

E-1
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Failure Data

A failure report, Nonconformance Report (NCR), Form 963 -M, is
prepared on all failures which occur on contractor -furnished and government-
furnished equipment during all phases of assembly, testing, operation, etc.
Details of the failure reporting and analysis system are found inSection VIII.
In general, symptomatic reports are transmitted to NASA within five days
after the failure. Subsequent issues, containing analyses and corrective
action, are provided upon completion of the failure report.

Monthly Failure Summary

This report is submitted to NASA and summarizes the failure reports.
It also presents a diagnostic analysis of all failures with corrective action
taken or proposed. Additional summaries of and status on significant failure
or problem areas are contained in the quarterly reliability status report.

Qualification Test Reports and Data

These documents are submitted one month after each test series and
show the results of all qualification tests.

Qualification Status List

The qualification status list shows the status of the planned and com-
pleted qualification of each part, component, and subsystem, as well as
those items for which valid data exist, thus not requiring further qualification,
(See Section VII, Qualification Tests,) This list was initially prepared and
submitted to NASA six months after contract go-ahead, Revisions will be
made as required,

RELIABILITY SUPPORT DOCUMENTATION

The Apollo Reliability Manager is responsible for the preparation and
submittal of portions of reports which originate outside the reliability
organization, These reports include the Monthly Progress Report, Final
Report, Test Plan, and Hardware List,
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Appendix F

RELIABILITY SUPPLIER SURVEYS

It is the policy of S&ID to select suppliers on the basis of their
capabilities to produce and supply hardware in accordance with established
program reliability standards. The final selection of a supplier is
determined after a comprehensive evaluation of his capabilities.

To assure consistent reliability evaluation between suppliers a handbook
has been prepared which provides the Reliability Engineering participant
with general guidance in evaluating supplier's systems for controlling
product integrity in conformance with government or NAA specifications and
quality assurance provisions. Types of surveys which are performed by
Reliability Engineering are:

1. Initial Reliability Engineering Survey. An initial or preaward
survey is conducted when available information, within the
NAA corporate structure, regarding a supplier's reliability
program and/or a major subcontract assurance of product
reliability is inadequate or inconclusive. The initial survey
may be conducted independently by Reliability Engineering
or by team effort with Purchasing and representatives from
Quality Control and other concerned S&ID departments.

2. Follow-Up. The follow-up is a resurvey of a supplier to
verify that deficiencies reported in the initial survey have
been corrected, or to verify continued conformance with
documented requirements. When practical, the reliability
representative who conducted the initial survey will be
assigned.

3. Periodic Resurvey. Periodic resurveys are conducted when
changes which may affect a supplier's reliability program
occur, such as reorganization, relocation or expansion, and
major additions or deletions of equipment. Resurveys are
also conducted when the reliability of incoming material has
deteriorated, requiring prompt corrective action by a
supplier, and when considerable time has elapsed since the
initial survey was conducted.
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The handbook used for the initial (preaward) survey defines the
method of preparing for and conducting the surveys and provides a definitive
check list (included herein) to enable the survey representative to systemati-
cally record the supplier's rating.
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Reliability Information Requirements

Firm Name: Telephone No.

Address: City: State:

N.A.A. Product Concerned:

Project: System:

Date of Last Survey: Survey Type: Survey Date:

Personnel Contacted:

Name: Title:

Reliability Organization Reports to: Engr. [1 @.c.J other
Personnel:

Total Employed: Director: Avg. Yrs. Experience Degrees

Design Engr.: _____________ Manager:

Manufacturing:________ Supervisor
Number

Failure Reporting Engineers: Reliability

System: Yes [__] No [ ]

Reliability Management
Reports to Whom:

Date reporting system: Type equipment used (IBM Yes [] No [ ] Computer Yes ] No []
Environmental & Test Lab used outside of company:

Scoring: % Acceptability

I. Management and Organization
II. Planning
III. Technical/Reliability Evaluation
IV. Test
V. Failure Report, Analysis and Corrective Action
VI. Training and Related Functions
VI. Documentation

TOTAL

Surveyor Acceptability Grade:
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RELIABILITY ENGINEERING
QUESTIONNAIRE BASED ON MIL -R -27542

Rating: 1 23 A P

I. MANAGEMENT AND ORGANIZATION

A. Management

1. Does the supplier's management indicate a
positive attitude toward reliability ?

2. Do the supplier's management policies reflect
an awareness of reliability?

3. Does the supplier's management have experience
in reliability programs? (Obtainlist of programs
and applicable government specifications for
inclusion in the supplementary report.)

4. 1Is the reliability management adequately staffed?

5. Is the supplier's management reliability policy
reflected in its supplier relations?

F-.4
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Rating: 1 2 3 AP

B. Organization

1. Does the supplier havea single group responsible
for overall direction of reliability? If not, do
the supplier's Design, Quality Control, and
Manufacturing sections have reliability direction
and assign responsibility and authority withinthe
groups to implement the reliability program?

2. Do the supplier reliability groups report to top
management levels?

3. Have adequate responsibilities and authority
been given to persons responsible for imple -
menting reliability policies?

4. Is the supplier's reliability group adequately
staffed?

5. Are the personnel distributed in a manner that
staffs the analysis, test, data handling, and
statistics sub-groups sufficiently for efficient
functioning of the reliability group?
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Rating: 1 2 3 A P

6. Does the supplier's reliability group's direction
enter into the Design, Quality Control, Manu-
facturing and Procurement areas?

II. PLANNING

A. Program

1. Does the supplier reliability program provide
for the continual monitoring of the design,
development, testing, and production efforts
for assessment reporting of reliability ?

2. Does the supplier specify the same reliability
program requirements stated herein to his
suppliers ? (If a written procedure is not
available, a description of how this is
accomplished should be included in the supple -
mentary report.)

3. Are the results or the assessments reviewed
for possible updating of the program?
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Rating: 1 2 3 AP

B. Personnel

1. Do the personnel assigned to reliability
activities (analysis and testing) have adequate
education, experience, and capabilities to
adequately perform their work?

2. Do the personnel assigned to support reliability
(data handling, statistics, field support, etc.)
have adequate education, experience and
capabilities to perform their work?

C. Facilities Support

1. Does the supplier have in-plant test facilities
capable and available to test the equipment to
the required specifications ?

1.1 Required Specifications
for test list.

1.2 List equipment required To be
in-house (Min.) listed by
1.3 List equipment usable in surveyor
Govt. or Commercial
labs.
F-7
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Rating: 1 2 3 AP

2. Does the supplier have commercial or govern-
mental test laboratories available to supple -
ment his facilities ? (Obtain list of laboratories
the supplier intends to use in the event of a
contract with N. A.A.)

3. Does the supplier have the proper facilities to
perform and maintain the calibration and con-
trol of test equipment? (Obtain copy of sup-
pliers applicable Quality Control procedures.)

4. Does the supplier have facilities for the labo-
ratory analysis of malfunctions or failures?

D. Formal Procedure

1. Does the supplier define the following:

Each task and study to be performed.
Task assignment.

Method of control for execution of tasks.
Scheduled start and completion dates.
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Rating:

Does the supplier reliability program provide
for the monitoring of the program status and
results obtained? (If a written procedure is
not available as requested in Section VII-3a, a
description should be included in the supple-
mentary report.)

1

2 3 AP

Does the supplier have a system assuring the
control of drawings, technical requirements,
specifications, and all changes to these docu-
ments ? (If a written procedure is available, a
description of how this is accomplished should
be included in the supplementary report.)

RESULTS

Rating:

III. TECHNICAL/RELIABILITY EVALUATION

A. Inherent Reliability and Safety

1.

Does the supplier establish reliability goals
for each equipment item ?

Does the supplier's reliability personnel con-
duct numerical, failure mode and stress analy-
ses (where applicable)on all equipment items ?
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Rating: 1 2 3 AP

3. Has he performed the functions described in
1 and 2 on other programs? (Obtain sample
reports as requested in Section VII-6, 7 and
8, and names of programs in which supplier
participated.)

B. Reliability Input-To-Design, Quality Control and
Manufacturing

1. Does the supplier have a program for part and
component selection and evaluation that empha -
sizes reliability in addition to performance
parameters ?

2. Is the list of selected parts and components
transmitted to the designer along with generic
failure rate data to assist designers?

3. Does the supplier assign to the persons
responsible for component selection and
approval the authority to approve of all
deviations from the list of approved items?

F.190
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Rating: 1 23 AP

4. Does the supplier have a supplier rating
program?

5. Does the reliability group review all test
procedures on all parts and components ?

6. Does the reliability group work with the design
groups from the inception of the design to
assure a reliable unit with minimum delay ?

7. Does the reliability group review and insert
reliability items into all procurement
specifications ?

C. Design Review

1. Does the supplier conduct equipment design
review (with support from the reliability
group) before designs are finalized?

RESULTS
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Rating: 1 2 3 AP

IV. TEST

A. Formal Test Plan and Procedure

1. Does the supplier provide for the testing and
evaluation of the packaging materials and
techniques ?

2.. Does the supplier provide for partial or com-
plete requalification when design or production
changes have been made which cannot be
evaluated by acceptance tests?

3. Has the supplier documented his inspection
system and procedure? (Obtain copy of sup-
plier's applicable Quality Control procedure.)

B. Knowledge

1. Do the supplier test engineers have experience
or knowledge of the techniques involved in
implementing an experimental design with
factorial or factorial sequential tests?
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Rating: 1 2 3 AP

2. Do the supplier test engineers have experience
in directing the single and combined environ-
mental tests ?

C. Data Feedback

1. Does the supplier disseminate test data to:

Engineering
Quality Control
Manufacturing
Procurement

for product improvement or for use in design
review? (If written procedure is not available
as requested in Section VII-6, a description
should be included in the supplementary
report.)

RESULTS

F-13
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Rating: 1 2 3 AP

V. FAILURE FOLLOW-UP

A. Reporting

1. Does the supplier have an established system
for collecting, analyzing and recording all
significant data concerning failures and mal-
functions occurring in-plant or at any other
test or installation facility for which the sup-
plier has primary responsibility? (If a
written procedure is not available as requested
in VII-5, a description should be included in
the supplementary report.)

2. Has the supplier described his failure reporting
system, including failure and malfunction
reporting forms and flow charts?

3. Are these failure reports used as a basis for
failure analysis ?

F.14
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Rating: 1 2 3 AP

4. Has the supplier provided for failure and mal-
function reporting during all phases of the
program such as:

Receiving

In-Process testing

Final check -out

Development-Qualification Reliability
testing

Other

5. Does the supplier failure report include a
complete documentation of the environmental
and operating conditions to which the equipment
has been subjected prior to and during the
failure?

B. Analysis

1. Does the supplier failure reporting program
include a laboratory diagnosis and analysis of
failures and malfunctions? (Determine level
of person conducting the diagnosis andanalysis,
and include in the supplementary report.)

2. Does the failure analysis categorize failures
according to design inadequacy, workmanship
error, testing error, secondary failure, or
parts failure?
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Rating: 1 2 3 AP

3. Does the supplier have a system of informing
his customer, his Engineering Department and
suppliers, of the tests and allow them to take
part in the diagnosis and analysis ?

4. Does the supplier document all steps taken to
determine the cause of failure, using photo-
graphs or sketches with specific measurements
where applicable and parts dissected to what -
ever degree necessary to establish the ultimate
cause of failure?

5. Do the supplier's specialists in human factors
review all failures described as human initi-
ated failures ?

C. Corrective Action

1. Has the supplier an effective means for initi-
ating and disposing of corrective action
recommendations resulting from analysis of
malfunction or problem reports?
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Rating: 1 23 AP

2. Has the supplier established a procedure for
identifying problem areas that require action
and reporting these open reliability problems
periodically until corrective action has been
accomplished?

RESULTS

Rating: 1{2|3|A|P

VI. TRAINING AND RELATED FUNCTIONS

A. Personnel Selection

1. Is the supplier's personnel department aware
of the need for reliability oriented or trained
personnel ?

2. Does the supplier use discrimination in its
selection of personnel to the extent of hiring
people who have had experience in programs
that have had high reliability requirements ?

F-17
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Rating: 1 2 3 AP

B. Personnel Training

1. Does the supplier have a training program to
assure that all employees (technicians, skilled
craftsmen, engineers, etc.) keep pace with
advancements in technology required to achieve
optimum reliability?

2. Does the supplier have a program for the
dissemination of the latest information on
reliability application and procedures or tech-
niques which will enhance the reliability of the
product?

| 3. Does the supplier require the above of his
suppliers ?

C. Motivation

1. Does the supplier have a program to indoctrin-
ate all of its employees and suppliers, whose
work contributes to the product's reliability,
in the need for reliability and their contribution
to the products reliability?

F-18
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Rating: 1 2 3 AP

Does the supplier have a procedure for assist-
ing his suppliers in their reliability indoctri-
nation of employees? (If a written procedure
is not available, a description should be
included in the supplementary report.)

RESULTS

VII. DOCUMENTATION REQUIREMENTS (as sent to supplier.)

DOCUMENTATION REQUIREMENTS

Please attach copies of the following and submit to the Reliability
Survey Engineer upon arrival.

1.

Management policy implementing the reliability program.
Organization charts for Reliability and associated departments.

Documentation defining the responsibilities and authority of key
personnel engaged in the reliability program.

Resumés, indicating education and experience of key personnel
engaged in the reliability program.

Procedure for malfunction and problem report collecting, analyzing
and recording, and method employed for follow-up to ensure
corrective action is implemented where necessary.

Procedure for disseminating test, malfunction or procedure data
throughout the company for product improvement or for use during

design review.

Sample of historical data regarding failure rates and modes of
failure for previously produced identical or similar equipment.

SID 62 -203



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

8. Sample reports of:

Reliability Tests

Failure Analysis

Statistical Analysis

Numerical Analysis (mathematical models, etc.)
Prediction for engineering changes
Tstablishment of reliability goals
Trend Forecasting

Reliability Assessments

Stress Analysis

Growth Curves

Design Analysis

9. Sample of the malfunction and problem reporting form.

10. Complete reliability manual.
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Appendix G

REFERENCE DOCUMENTS

NASA DOCUMENTS

NASA Publication on Quality Assurance Programs for Space Systems,
National Aeronautics and Space Administration, NASA NCP 200-2
(15 December 1951),

Project Apollo, Comments on North American Aviation, Inc., Proposal
RFP 9-150. Manned Spacecraft Center, Langley Air Force Base, Virginia
(4 December 1961).

Project Apollo Spacecraft Development, Statement of Work, Part 1, Project
Scope, Confidential. Manned Spacecraft Center, Langley Air Force Base,
Virginia (18 December 1961),

Project Apollo Spacecraft Development, Statement of Work, Part 2,
Contractors Task, Confidential. Manned Spacecraft Center, Langley
Air Force Base, Virginia (18 December 1961).

Project Apollo Spacecraft Development, Statement of Work, Part 3,
Technical Approach, Confidential. Manned Spacecraft Center, Langley
Air Force Base, Virginia (18 December 1961).

Project Apollo Spacecraft Development, Statement of Work, Part 4,
Program Management, Confidential. Manned Spacecraft Center, Langley
Air Force Base, Virginia (18 December 1961).

MILITARY SPECIFICATIONS

Reliability Program Requirements for Aerospace Systems, Subsystems,
and Equipment, United States Air Force, MIL-R-27542 (28 June 1961),
Amendment 1 (October 1961),

S&ID PROPOSALS, REPORTS, AND SPECIFICATIONS

Apollo General Test Plan, Volume 1, General Test Plan Summary,
Confidential, NAA S&ID, SID 62-109-1 (30 March 1963),

G-1
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Apollo General Test Plan, Volume 3, Ground Qualification Test Plan,
Confidential. NAA S&ID, SID 62-109-3 (30 March 1963).

Apollo General Test Plan, Volume 4, Acceptance Test Plan, Confidential.
NAA S&ID, SID 62-109-4 (30 March 1963).

Apollo Qualification Status List, NAA S&ID, SID 62-784 (2 January 1963).

Apollo Quality Control Program Plan. NAA S&ID, SID 62-154 (1 January 1963).

Apollo Spacecraft Requirements, NAA S&ID, SID 62-700-2
(15 September 1962).

GSE, Performance and Interface Specification, NAA S&ID, SID 62-57
(15 May 1962).

General Specification, Human Engineering Design Criteria, NAA S&ID,
MC 999-0007 (15 September 1962).

NASA Project Apollo Spacecraft Business Management Proposal, Vol. II,
Parts 1, 2, and 3, Confidential, NAA S&ID, SID 61-281 (6 October 1961).

Reliability Parts Manual, Failure Rate and Application Data. NAA S&ID
(November 1962),

Reliability Parts Manual, Preferred Parts. NAA S&ID (January 1963).

AUTONETICS REPORTS

Description and Comparison of Computer Methods of Circuit Analysis,
NAA Autonetics Division, EM 6839 (30 June 1961),

Description of the Data Processing Problem for Minuteman High Reliability
Electronic Parts. NAA Autonetics Division, EM 2493 (15 November 1961).

SID 62-203




TN

NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS DIVISION

APPLICABLE DOCUMENT REQUIREMENTS

Appendix H
AND DEVIATIONS

This appendix lists the existing S&ID documents
that implement the requirements of specifications
MIL-R-27542 (USAF) and NCP 200-2. Under the
comments column heading are S&ID's objections and
deviation requests. The paragraph numbers and
statements in the requirements column are those of
MIL-R-27542 (USAF) and NCP 200-2.
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Appendix I
GLOSSARY OF RELIABILITY TERMS

ACCESSORY. An item designed to supplement an assembly or set, contributing
to the effectiveness thereof without extending or varying the basic function of
the assembly or set. Same as ATTACHMENT.

ACCEPTANCE TESTS. Tests to determine conformance to design or speci-
fications as a basis for acceptance.

ACHIEVED RELIABILITY. The system reliability demonstrated at a
designated point in time.

ARITHMETIC MEAN. The sum of a set of values, divided by the number
in the set.

ASSEMBLY. A combination of parts or subassemblies that can be taken
apart without destruction and that has no application or use of its own, but
is essential for the completeness of a more complex item with which it is
combined (e.g., IF amplifier, crystal filter).

ATTACHMENT . An item designed to supplement an assembly or set,
contributing to the effectiveness thereof without extending or varying the
basic function of the assembly or set. Same as ACCESSORY.

ATTRIBUTE. A characteristic or property that is appraised only in terms
of whether it does or does not exist.

ATTRIBUTES (METHODS OF). Measurement of quality by the method of
attributes consists of noting the presence or absence of some characteristic
(attribute) in each of the units in the group under consideration and counting
how many do or do not possess it.

ATTRIBUTE TESTING. A test procedure where the characteristic being
tested is classified qualitatively in accordance with existance or non-existance,
rather than quantitatively.

AVAILABLE TIME. Time measured from the correction of a malfunction

or the ending of preventive maintenance to the next succeeding malfunction
or the next preventive maintenance action.

1.1
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AVERAGE. A value that represents or summarizes some relevant features
of a set of values. Commonly used to refer to arithmetic mean.

BINOMIAL DISTRIBUTION. A discrete distribution of one random variable
having one parameter. Let f(x) be the probability of obtaining exactly x
successes in n trials, and p be the probability of success in a single trial.
Then

nl

—_ X
X! (n-x) ! °

f(x) = (1-p)-X for x =0,1...... n

CASUALTY. Same as FAILURE

CATASTROPHIC FAILURE. A sudden change in the operating characteristic
of an item resultingina complete lack of useful performance of the item.

CHANCE FAILURE. Same as RANDOM FAILURE. Failures whose
occurrence in any given interval of time is unpredictable.

CHECKOUT TIME. The time required to determine whether the performance
characteristics of a system are or are not within specified values.

CHI-SQUARED FUNCTION. A gamma function that expresses a distribution
of many independent standardized variables. The form of the chi-squared
function differs for eachnumber of degrees-of-freedom. Chi-squareisthe sum
of squares of n independent normal variates divided by their common variance.

COEFFICIENT OF VARIATION. A relative measure of dispersion in a
distribution. The standard deviation divided by the mean.

COMPONENT. A functional part of a subsystem or equipment that is
essential to operational completeness of a subsystem or equipment and which
may consist of a combination of parts, assemblies, accessories, and
attachments. '

COMPLEXITY RELATIONSHIP. The relationship between complexity and
failure rate which can be expressed as A = nry where A is the failure rate
for an equipment containing n number of parts, each having the same
probable failure rate Tp For equipments containing many different types of
parts each used under different conditions, thus yielding a different failure
rate, the complexity relationship can be expressed by the equation

l=n1r1+n2r2+ ...... nprp
where
n] = Number of parts having failure rate r;, etc.
n_ = Number of parts having failure rate r

P
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CONFIDENCE. Quantitatively, the computed degree of assurance, or chance,
that a given probability statement is true.

CONFIDENCE INTERVAL. A range of values that is believed to include,
with a preassigned degree of confidence, the true characteristic of the lot
or universe a given percentage of the time.

CONFIDENCE LEVEL. The degree of desired trust or assurance in a given
result.

CONFIDENCE LIMITS. Extremes of a confidence interval within which the
true value has a designated chance (confidence level) of being included.

CONSUMER'S RISK. Associated with any acceptance procedure or test, the
consumer's risk is the chance of accepting an item that should be rejected.

CORRELATION. A relationship between two occurrences which is
expressed as a number between -1 and +1.

CRITICAL FAILURE. See FAILURE.

CUMULATIVE DISTRIBUTION FUNCTION. If x is a random variable, then
the cumulative distribution function of x is defined to be the function F such
that for every real number t, F (t) is the probability that a given outcome of
x will not exceed t. In symbols,

F (t) = Pp(-w< x < t)

DEBUGGING. A reliability conditioning procedure that is a method of aging
the equipment by operating it under specified environmental and test conditions
in accordance with an established procedure in order to eliminate early
failures and age or stabilize the equipment prior to final test and shipment.
Also known as burn-in or infant mortality. See EARLY FAILURE PERIOD.

DEFECT. Any deviation of a unit of product from specified requirements.
A unit of product may contain more than one defect.

DEFICIENCY. Same as DEFECT.

DEGRADATION FAILURE. A failure resulting from a gradual change in the
performance characteristics of an item over a period of time.

DESIGN RELIABILITY. The probability of the equipment performing properly
when manufactured with expected quality control, operated under contractually
stated conditions, utilizing supporting equipment and procedures in the
manner intended, and with no degradation by personnel or personnel actions.

I-3
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DESTRUCTIVE TESTING. Any test that results in destruction or drastic
detioration of an article so that it is rendered unfit for repair or service.

DEVICE. A general term used to represent any of the subdivisions of a
system. Same as ITEM.

DISCRETE VARIABLE. A variable that can take only certain isolated values.
DISTRIBUTION. The relative arrangement of a set of numbers.

DOWN-TIME. The total time during which the system is not in condition to
perform its intended function.

EARLY FAILURE PERIOD. That period of equipment life starting just after
final assembly where equipment failures occur initially at a higher than
normal rate due to the presence of defective parts and abnormal operating
procedures.

ELEMENT. A general term meaning a substructure; e.g., a subassembly
is an element of an assembly.

ENVIRONMENT. The aggregate of all the conditions and influences that
affect the operation of equipment and components, e.g., physical location
and operating characteristics of surrounding equipments and/or components,
the temperatures, humidity, and contaminants of surrounding air,
operational procedures, acceleration, shock and vibration, radiation,
method of utilization, etc.

ENVIRONMENTAL RANGE. The range of environment throughout which a
system or portion thereof is capable of operation at not less than the
specified level of reliability.

EQUIPMENT. A general term for hardware other than airframe or
structural elements. Usually applied only to hardware that performs some

system function. It may refer to a single component or assembly or to a
complete subsystem.

EXPECTED VALUE. Mean value, over the population of all possible values.
EXPONENTIAL FAILURE DISTRIBUTION. The distribution that results

from a population with a constant failure rate. The cumulative distribution
has the form

F(t)=1- oMt - P; (probability of failure)

I-4
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where

A

Failure rate

Time

o+
1

FAILURE. A cessation of ability to perform a specified functionor functions
within previously established limits. This requires that measurable limits
be established to define satisfactory performance of the function. It is often
desirable to categorize the failures within a system according to the
severity of the resultant system defect. These categories are:

1. Critical (a reliability degrading failure with ramifications
in crew safety)

2. Major (a realiability degrading failure that will influence
accomplishment of the mission and mission objectives)

3. Minor (a failure with no ramifications in mission success or
crew safety; one that influences the basic integrity of the
equipment and constitutes a nuisance value or maintenance
incident)

It is often desirable to categorize the failures within a system according to
cause. These categories are:

1. Primary (a self-induced failure)

2. Secondary (a failure induced by human error or one that
was induced by a failure in other equipment)

FAILURE RATE. The number of failures per unit time in specified
equipment. '

FAULT. Same as DEFECT.

FREQUENCY DISTRIBUTION FUNCTION. If x is a random variable then
the frequency distribution function f of x is defined to be the derivative of the
cumulative distribution function F(x). At points where F'(t) does not exist,
f(t) is not defined. An equivalent defination is:

h
£(t) :H_n_;ig%pr(t -%‘SXSt +T2'>

FUNCTIONAL PERFORMANCE TIME. The time during which an item is
performing a specified function.
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GAUSSIAN DISTRIBUTION. Same as NORMAL DISTRIBUTION

GROUP. A combination of modules, assemblies, and subassemblies that
is a subdivision of a subsystem or system, but that is not capable of
performing an operational function (e.g., antenna group, indicator group) .

HAZARD. Same as FAILURE RATE.

HUMAN INITIATED FAILURE. Those failures that are traceable principally
to some human action, either of commission or omission, occurring in any
activity subsequent to design and manufacture.

INDEPENDENCE. One event is independent of another if the occurrence of
the first does not affect the probability of the second occurring.

INFANT MORTALITY. Failures occurring during the debugging phase or
early portion of equipment life.

ITEM. A general term used to denote one of a number of similar units,
objects, test pieces, etc.

KURTOSIS. A statistical quantity that expresses the peakedness of a
probability density function.

LIFE CHARACTERISTICS. Life as a function of failure rate. Usually it is
plotted showing three parts: (1) an infant mortality or debugging part; (2) a
normal operating (constant A) part; and (3) a wearout portion, i.e., the
relationship that holds between the failure rate of equipment and operating or
test time.

MALFUNCTION. A general term used to denote the occurrence of failure
of a product to give satisfactory performance. It need not constitute a
failure if readjustment of operator controls can restore an acceptable
operating condition.

MARGINAL TESTING. A procedure for system checking that indicates when

some portion of the system has deteriorated to the point where there is a

high probability of a resultant system failure during the next operating

period. (An example might be operation of the system with systém heater

voltage reduced by a given percentage to determine whether the system will

continue to perform satisfactorily at that reduced voltage.) Thus, marginal

testing is a form of prediction testing. It tests equipment under more severe

conditions than are normally present and thus functions by causing it to

become an observable failure. Alternatively, marginal testing is (1) a

means of varying circuit or system parameters in such as way as to indicate ‘
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potential operational failures in a system, and (2) the means of altering
circuit or system performance to render intermittent faults continuous,
thereby simplifying troubleshooting.

MEAN. The mean (also expectation or average) 6f a random variable x
(and of its distribution) is defined to be

f “t(t)at

-00

where f is the frequency function of x. If x is discrete, then its mean is

Yk = pplx = k)
k

where the summation is extended over the value that x assumes. (Usually
integers.)

MEAN USE CYCLE TO FAILURE. Mean number of performance periods
between failures.

MECHANISM OF FAILURE. The physical process that resulted in a part
or equipment failure, e.g., the short was caused by contamination resulting
from a poor hermetic seal. See MODE OF FAILURE.

MEDIAN. A point designated in a series of values that divides the series
such that an equal number of values lie on each side, e.g., the series,

1,3,5,17,37, has 5 as its median, as compared with its arithmetic mean of 13.

MISSION TIME. The period of time in which a device must perform a
specified mission task in a specified environment.

MODE. A mode of continuous random varible is a maximum of its
frequency function.

MODE OF FAILURE. The physical description of the manner in which a
failure occurs. Also, in analysis of design reliability, a description of the
manner in which an equipment function can be affected by a failure.
MODULE. A combination of components, contained in one package or so

arranged that they are common to one mounting, that provides a complete
function or functions to a system and/or subsystem in which they operate.
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MOMENTS. The mean values of a power of a variate. A moment about a
particular fixed value, such as the mean value of a power of the deviation
of the variate from that fixed value.

MTBF (MEAN-TIME-BETWEEN-FAILURE). The total operating time
accumulated by a population of identical equipment items, divided by the
number of failures occurring in the time of observation. The operating time
must include the time accumulated by items that did not fail, as well as the
time accumulated by items that did fail. T

MTTFF (MEAN-TIME-TO-FIRST-FAILURE). The average time to first
failure of several items of equipment. It is used to determine the apparent
approach of the equipment life characteristic to its random failure rate.

MTTF (MEAN-TIME-TO-FAILURE). Same as MTTFF.

NORMAL DISTRIBUTION. Same as GAUSSIAN DISTRIBUTION. A random
variable has a normal (also Gaussian) distribution with mean (m) and
standard deviation (0) if its frequency function f is such that

2

1 exp - (t-m)

oV 2a 202

NORMALITY. The state of being perpendicular. The state of a variate
having the normal probability distribution. The state of reduction to a
common standard.

f(x) =

NORMAL OPERATING PERIOD. That period of time during which the
equipment failure rate remains essentially constant.

NULL HYPOTHESIS. A negative proposition used for the purpose of a
statistical test, e.g., the sample mean is not statistically representative of
the parent population mean.

OPERATING TIME. The time period between turn-on and turn-off of a
system, subsystem, component or part during which time operation is
specified. Total operating time is the summation of all operating time
periods.

OPERATIONAL RELIABILITY. The probability that the system will give
specified performance for the duration of a mission when used in the
manner and for the purpose intended.

PART. One piece, or two or more pieces joined together, which is not
normally subjected to disassembly without destruction of designed use.
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POISSON DISTRIBUTION. A discrete random variable x has a Poisson
distribution with mean A 2 0 if:

fork=0,k=1, 2.... etc.

POPULATION. The total collection of units from a common source; the
total collection of units from a process, such as a production process. Also
used in the sense of a '""universe (or population) of observation.' Universe,
population, and parent distribution are synonymous terms.

PREVENTATIVE MAINTENANCE. A procedure of periodically checking
and/or reconditioning a system to prevent or reduce the probability of
failure or deterioration while in service.

PROBABILITY. The likelihood of the occurrence of any particular form of
an event, estimated as the ratio of the number of ways in which that form
can occur to the whole number of ways in which the event might occur in
any form.

PROBABILITY DENSITY FUNCTION. A function giving the relative
probability with which the variable can be expected to occur. Same as
FREQUENCY DISTRIBUTION FUNCTION.

PROBABILITY OF FAILURE. The probability that an item will fail during
a specified period of time under a specified environment.

where
Py = Probability of failure
Ps =Probability of success

PROBABILITY OF SUCCESS. A numerical expression of reliability with the
accepted nomenclature of Pg and a range from 0 to 1.0, indicating the
extremes of impossibility or certainty. In other words, the probability of

a given equipment performing its intended function or the given use cycle.
R(t;x) of a component of age x, at time f = 0, is the probability that it is not
removed during the time interval 0 to t.

R(x +t)

R(t;x) = 1 - F(t;x) = R()
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PROBABILITY OF SURVIVAL. Same as PROBABILITY OF SUCCESS.

PRODUCER'S RELIABILITY RISK. The risk of the producer (usually
standardized at 10 percent) that a reliability acceptance test will reject a
product when it is actually equal to, or better than, the specified value
or reliability.

QUALITY. A measure of the degree to which a device conforms to
specifications and workmanship standards. Its numerical rating is obtained
by measuring the percentage defective of a lot or population at a given time.

QUALITY CHARACTERISTICS. Those properties of an item or process in
the population domain that can be measured, reviewed, or observed, and
that are identified in the drawings, specifications, or contractual
requirement. Quality is measured by percentage defective of a lot or
population at a given time.

RANDOM FAILURE. Failure whose occurrence in any given interval of
time is unpredictable. :

RANDOM SAMPLE. A sample in which each item in the lot has an equal
chance of being selected.

RANDOM VARIABLE. A variable, either discrete or continuous, that can
assume any one of a number of values, each of which has a fixed probability
of occurrence.

RANGE. A statistical quantity describing the variance of a set of values.
The difference between the largest and the smallest.

READINESS TIME. The time measured from the beginning of preparation of
an operable system for use to the instant when the system begins to function
in its intended fashion.

REDUNDANCY . The existence of more than one means for accomplishing a
given task, where all means must fail before there is an over-all failure to
the system. Parallel redundancy applies to systems where both means are
working at the same time to accomplish the task, and either of the systems
is capable of handling the job itself in case of failure of the other system.
Standby redundancy applies to a system where there is an alternate means of
accomplishing the task that is switched in by a malfunction sensing device
when the primary system fails.

RELIABILITY (COMPUTED). The synthetic calculated probability of a

system performing its purpose within specifications, based on estimates or
tests of the reliability of its components.
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RELIABILITY GOAL (OBJECTIVE). The product reliability which it is
desired to achieve.

RELIABILITY INDEX. Figures of merit, such as ratios, factors, etc., used
to denote relative reliability.

RELL.BILITY. The probability of attaining specified performance under
specified conditions for a specified period of time.

RELIABILITY TESTS. Tests and analyses, in addition to other type tests,
which are designed to evaluate the level of reliability in a product, parts,
or systems, and the dependability or stability of this level with time and use
under various environmental conditions.

REPAIR TIME. Average time required to repair any item, discounting any
time lost because of nonavailability of spares, tools, etc.

SAFETY FACTOR (DESIGN MARGIN, DERATING). The margin of conserva-
tiveness inherent in the application of component parts as a function of all
stresses. There is usually a limited stress (or combination of stresses) at
which part failure rate goes to infinity or to an unacceptable extreme. The
degrees to which application-stress conditions are backed off from such a
limit constitutes a safety factor from the catastrophic failure viewpoint.
From the performance degradation viewpoint, a safety factor is represented
by an adequate reserve of energy (as in the case of a battery) gain
characteristic (trans-conductance) band-width, or other essential
performance factors.

SAMPLE. A set of units of a product chosen to represent all units for
inspection purposes.

SAMPLING PLAN. A plan for acceptance or rejection which gives the
sample sizes to use and the criteria for acceptance or rejection.

"SCHMOO" PLOT. A graph of the output of a circuit under the various
combinations of worst-chance voltage, temperature, etc., to determine
marginal performance.

SEQUENTIAL TEST. A sequential test of a statistical hypothesis is a

sequence of samples wherein, in effect, it is decided at each step in the
sequence to accept the hypothesis, to reject the hypothesis, or to take an

additional sample.

SET. A general term characterizing an item which has a complete function
independent of being a substructure of a system. Same as EQUIPMENT.
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SHELF LIFE. The length of time an item can be stored under specified
conditions and meet specified requirements with a specified level of assurance.

SIGNIFICANCE LEVEL. Associated with a test of a statistical hypothesis, it
is a predetermined, expected fraction of all cases of repetition of the test in
which the hypothesis is rejected under the test even though it is true.

SIGMA LIMITS. The interval about the mean expressed in units of standard
deviation. Assuming a normal distribution, two-sigma limits on each side
of x would include about 95 percent of the population, and three-sigma limits
would include about 99 percent of the population of measurements.

SKEWNESS. A statistical measure of the asymmetry in a distribution.

STANDARD DEVIATION. A statistical measure of the dispersion. It is the
positive square root of its variance, and may be expressed:

1 & —
o :\/(n—l) IZ: (Xi‘X)Z

The standard deviation is also defined as the square root of the variance.

STANDARD TIME. The time during which a system has partial application
of power and can be made to function usefully essentially instantaneously.

STATISTICAL ACCEPTANCE TEST. A procedure designed to determine,
with a prescribed accuracy, whether a characteristic of a product is in
conformity with acceptance criteria set forth for that product.

STATISTICAL TEST. A procedure used to determine whether or not
observed values or quantities fit a hypothesis sufficiently well so that the
hypothesis can be accepted.

STATISTICS. The collection, analysis, interpretation, and the presentation
of numerical data where randomness of the data is a consideration.

SUBASSEMBLY. Two or more parts which form a portion of an assembly
or a unit replaceable as a whole, but having a part or parts which are
individually replaceable.

SUBSYSTEM. A major functional part of a system, usually consisting of
several components, which is essential to operational completeness of the
system.
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SYSTEM. This term includes aerospace systems, weapons systems, support
systems, commanrd and control systems, their components, and all
associated material.

SYSTEMATIC FAILURE. One which is resolvable by systematic means,
such as design changes, improved workmanship, controls, etc.

TEST TO FAILURE. Testing conducted on one or more items until a
predetermined number of failures have been observed. Failures are included
by increasing electrical, mechanical, and/or environmental stress levels,
usually in contrast to life tests, in which failures occur after extended
exposure to predetermined stress levels. A life test can be considered a
test to failure using age as the stress.

TROUBLE-SHOOTING TIME. The time required to determine or to isolate
the cause of a system malfunction. It does not include the time required to
replace or to repair the units in which the fault occurred.

TRUNCATION. Truncation of a distribution means deletion of portions
greater than a certain value and/or less than a certain value. Truncation
of a sequential test means termination of the test prior to reaching a
decision under the sequential plan.

UNIT. A general term indicating any part or combination of parts.
UNIVERSE. Same as POPULATION.

USE RELIABILITY. The reliability achieved under actual end-use conditions.
USEFUL LIFE. The total operating time between debugging and wearout.

VARIABLE. A quantity or characteristic that is not fixed. A continuous
variable may assume any value within a defined range. A discrete variable
may assume any one of a number of distinct or seperate values.

VARIABLES (METHOD OF). Measurement of quality by the method of
variables consists in measuring and recording the numerical magnitude of
a quality characteristic for each of the units in the group under consideration.

VARIABLES TESTING. A test procedure where the items under test are
classified according to quantitative rather than qualitative characteristics.
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VARIANCE. The variance of a random variable (x) with mean (§) and of its
distribution is defined by the expression:

_/Oooo(x - ;)2 f{x)dx

when f is the frequency function of x. When x is discrete, then its variance
is

1 =2
n-1 ii::l(xl x)

where the summation is extended over the n values which x assumes.
Variance is 'also the square of the standard deviation (o).

VARIATE. A variable.

WARM-UP TIME. The time measured from the application of power to an

operable system to the instant when the system is capable of functioning in
its intended fashion.

WEAROUT. Those failures which occur as a result of deterioration process
or mechanical wear and whose probability of occurrence increases with time.
Wearout failures are those failures that occur generally near the end of

life of an item and are usually characterized by chemical or mechanical
changes, i.e., those failures which could have been prevented by a
replacement policy based on the known wearout characteristics (and thus

been prevented by appropriate maintenance). Examples: Motor brush
wearout.
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